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3 Abstract -

1. Methodology R

Computational methodologies were developed to treat rigorously

(i) transverse boundary in an inverted (amplifying) media; (ii) to

1 treat quantum fluctuations in an initial boundary condition in the
N

¥ light-matter interactions problem; (iii) construct a two-laser three- \

> level code to study light control by light effect; (iv) construction of ,

:4 a data base that (a) would manage the production of different types

3:2 of laser calculations: cylindrical, cylindrical with atomic frequency

» broadening, cartesian geometry; (all of the above with quantum me-

; chanical initiation), (b) allow parametric comparison within the same ~

:; type of calculations, by establishing a unifying protocol of software

o storage, of the various refinements of the model could be contrasted '

;lj among themselves and with experiment; (v) construct an algorithm for N

E:‘ counterbeam transient studies for optical bistability and optical oscil- >

2 lator studies. }‘

':j A. Transverse propagation effects in an inverted medium were :

:.\: studied. Special care had to be taken to treat the boundary reflec- :

' tion conditions. If ill-posed, they can obscure the emergence of any

:: new physical results. The two transverse effects considered are (1) the
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C‘\
'spatial averaging' associated with the inkl atomic inversion density being

radially dependent (since the pump which inverts the sample has typically
a Gaussian-like profile); and (2) the "diffraction coupling” (which permits
the various parts of the cylindrical cross-section to communicate, interact
and emit at the same time). The first effect is important for large Fresnel
numbers, whereas the second predominant for small Fresnel numbers.

The study of ouput energy stabilization between diffraction spreading
and nonlinear self-action due to the non-uniform gain of the active media
was also carried out to reach an understanding of the various physical pro-

cesses that take place in coherent resonant amplifiers.

B. Physical Results
i. The Study of three-level systems exhibited that injected
coherent-pump initial characteristic (such as on-axis area, temporal and

radial width and shape) injected at one frequency can have significant

deterministic effects on the evolution of the superfluorescence at another
frequency and its pulse delay time, peak intensity, temporal width and
shape. The importance of Resonant Coherent Raman processes was clearly
demonstrated in an example where the evolving superfluorescence pulse tem-
poral width ts is much less than the reshaped coherent pump width t p
even though the two pulses temporarily overlap (i.e., the superfluores-
cence process gets started late and terminates early with respect to the
pump time duration). The resuits of the three-level calculations are in

quantitative agreement with observation in CO2 pumped CH3F by A.T.

Rosenberg and T.A. DeTemple (Phys. Rev., A24, 868 (1981)).
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ii. Additional calculations incorporating fluctuations in both
pump and superfluorescence transitions were carried out to study the out-
put pulse delay statistics. The fluctuations operators were introduced as
langevin operators in the matter (density matrix) operators. In the av-
erage c-number semi-classical regime the fluctuations appear as additional
driving forces in the Bloch equations acting for all p, 2 and t.

ili. Two color superfluorescence was subsequently studied in
collaboration with Professor F. Haake. The propagation theory of M. Feld
was shown to prevail over the Mean-Field theory of Bonifacio et al. The
main result of the calculation displayed for the plane wave regime is a
pulse synchronisation which ascertains Eberly et al's theory of 'simultons.'
However for quantum fluctuations during the initiation and strong phase
evolution in the beam (i.e., large Fresnel number) the synchronisation de-
creases and the standard deviation of the delay difference between the two
peaks normalized to the average delay becomes larger.

iv. Elucidating the physical processes [namely, (a) the dyna-
mic diffraction, (b) the non-uniform absorption (i.e., refraction) and
(c) beam stripping] that lead to the on-axis manification predicted by
Boshier and Sandle calculation [see Optic Commu., 42, 371 (1982)]. This
effort was carried out in collaboration with Professor J. Teichmann.

V. The development of an implicit algorithm which self-adaptive
non-uniform computational grids. This effort was carried out in collabora-
tion with Dr. B.R. Suydam. These new codes represent a combination of
Snydam code in Los Alamos and Mattar stretching and rezoning techniques

to treat self-lensing effects.
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The International Conference on Laser 80, New Orleans,

Dec. 30 (two papers), proceedings published by STS,
MacLean, Virginia, 1982).
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ber, 1981, three abstracts.

The International Conference on Laser 81, New Orleans,
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New Orleans (three contributed papers).
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) NY p. 503,555. -
o
‘_':; 11. Transverse and Phase Effects in Light Control By Light: Pump
i Dynamics in Superfluorescence; Proceedings of the International
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:.; ADAPTIVE STRETCHING AND REZONING AS EFFECTIVE COMPUTATIONAL
‘5 TECHNIQUES FOR TWO-LEVEL PARAXIAL MAXWELL-BLOCH SIMULATION* }:
" DA
< F.P. Mattar' and M.C. Newstein'" =
Polytechnic Institute of New York
~ Brooklyn, NY 11201 USA
< -
- Received 6 December 1973, MS 867 T
‘3 The coherent interaction of short optical pulses with a nonlinear active resonant med- i
o3 ium is calculated. The rigorous and self-consistent solution of the coupled nonlinear =
o Maxwell-Bloch equations including transverse and time-dependent phase variations ‘e
—_ predicts in absorbers the onset of an on-resonance self-focusing and predicts in
e amplifiers beam degradation. The seif-focusing result agrees very well with a pre- .l
}‘ vious perturbation treatment and with recent experiments in sodium and neon, where-
'.-,‘ as the severe beam distortion was observed in high power lasers utilized in inertial i
:-*’ fusion experiments. The formation of dynamic self-action effects is elucidated as j
3: being due to the combined effects of diffraction and the inertial response of the
24 active media. K
W Accuracy and computational economy are achieved simultaneously by redistributing
the computational grid points according to the physical requirements of the problem.
Evenly spaced computational grids are related to variable grids in physical space by w
', a range of stretching and rezoning techniques including adaptive rezoning where the
:._ coordinate transformation is determined by the actual physical solution.
A X N .
A, . by experimental observations in sodium and
o0 SUMMARY: The_ mathematical modeling of the neon. On the other hand, calculations con-
Yo coherent transmission of ultra-short optical cerning ampiifiers depicted longitudinal pulse
b p pulses in a two-level atomic gaseous media, s
which can sustain amplification and/or absorp- break-up, which degraded the heam quality,
tion. is presented pThe main motivation ;gs as substantiated in high power laser experi- -
.- 4 p . ments. The significant phase modulation and /
N to achieve an understanding of the inertial transverse spreading may explain the mechan- .
By (cumulative temporal history) nonlinearlity on Sp g may exp w
N : R ism that limits the useful output of long ampli- .
o the propagation of intense ultra-short light fiers. Parametric computations illustrated that -
- beams Previously, this effect had been N ~Y
. untractable and unapproachable these self-action phenomena can be controlied N
.-,; PP ‘ by tuning the various system parameters. i~
o The results of this analysis served as a guid- ‘.
ance to real-life coherent light-matter interac- &
; Accuracy and computational economy are ach-
a2 lt.i::mexg:;imenht:; ?“i aqg:m){:‘ilu‘;g both jeved simulaneously by redistributing the -
e phase variatio A . are computational Eulerian grid points according to .
g implemented using a two-dimensional time- : : : .
A : p the physical requirements of the nonlinear ’
. dependent finite difference computer code with interaction. Evenly spaced computational grids .
- two population densities, an inertial medium : : N
. are related to variable grids in a physical «
v polarization density and adaptive propagation space by a range of stretching and rezoning >
8" capabilities. The importance of dynamic trans- : : ; : o
. s techniques. This mapping consists of either
- verse effects in the evolution of both initial an a priori coordinate transformation or an .
. ground-state and inverted media with different adaptive transformation based on the actual
o’ Fresnel numbers has also been assessed. physical solution. Both stretching transfor-
o The memory requirements for a two-dimensional mation in time and rezoning techniques in
\': calculation are greater than those in a one- space are used to alleviate the computational
Y dimensional case, consequently, the computa- effort. The propagation problem is then
\:.' tional mesh is predictably coarser. Unfortun- reformulated in terms of appropriate coordi~
~ ately, this may cause a lack of fine resolution. nates that will automatically accommodate any
- But through the innovative implementation of change in the beam profile.
- stretching and rezoning techniques as outlined ¥
-', below, the coarse nature of the Eulerian code The dynamic grid obtained through the self- !
T is adapted to a most sensitive and economical adjusted mapping techniques removes the main .
' grid. disadvantage of insufficient resolution from :
"« . ‘ . which Eulerian codes generally suffer. Fur- X
N, Calculations using this code have predicted thermore, the advantages of grid sensitivity 3
e and elucidated an on-resonance transient : ; : p " -~
oA, : : : are obtained while circumventing the traditional .
Sz whole-beam seif-lensing phenomenon in absorb- impediments associated with the Lagrangian :
ers. This effect was subsequently ascertained methods. Thus, the convenience of an Euler- y
,._ * Work jointly supported by F.P. Mattar, the fan formulation has been combined with the .
-, Research Corporation, the International Divi- desirable zoning features of a Lagrangian code
o, sion of Mobil, the University of Montreal and in a systematic and simple way. o
.':. the U.S. Army Research Office. .
g T Aerodynamics Laboratories : :
;.; +*Electrical Engineering ‘_
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I. INTRODUCTION

wWhen an intense laser beam propagates through
a resonant active medium, the absorptive and
dispersive properties of the medium will affect
the shape of the laser beam profile, which,
consequently, alters the characteristic struc-
ture of the medium [1-6]. This modified
matter will reaffect, in turn, the field profile.
The resulting cross-modulatdon of light by
matter and matter by light is a continuous
self- sustained phenomenon.

The subject of optical transmission is an inter-

disciplinary one. It draws on certain aspects
of wave propagation, fluid flow, atomic physics
and on both geometrical and physical optics.
In addition, because many aspects of the
problems of interest are analytically intract-
able, one finds that a complete study often
requires extensive computer analyses of coup-
led optical fieid-matter equations; more specifi-
cally, the coupled optical propagation and
atomic dynamics equations. The coherent
behavior predicted on this model is in several
important respects, quite different from that
given by earlier treatments.

The current research was undertaken in an
effort to answer more detailed questions relat-
ing to the coherent exchange of energy,
nonlinear phase distortion and beam quality in
high power laser transmission; the method was
chosen to develop a suitable theory and realis-
tic numerical computer code based on close
collaboration with experimentalists {8-38]. The
motivation of this work arises from the belief
that real life experiments would depart from
the predictions of previous plane wave analysis
as it is sketched in Figures (1la) and (1b).

points required would need to be increased
tremendously if the transient beam undergoes
severe self-divergence (self-expansion) or
self-convergence (seif-narrowing). It s
therefore imperative that the transverse mesh
be sufficiently small to correctly sample the
oscillations of the field amplitude and phase.

1f, for self-focused beams, a fixed transverse
mesh is used, there may be in the vicinity of
the focal region a lack of resolution as dis-
played in Figure (2a) and Figure (2b). A
non-negligible loss of computational effort in
the wings of the beam will also occur. The
total required computer storage could become
quite large. In an effort to maintain accuracy
and efficiency, it has been decided to inte-
grate the governing equations using a simple
coordinate transformation which was revised at
suitable intervals to allow the numerical grid to
follow the pulsed-beam behavior. The mesh
network will expand or contracts accordingly.
The successive implementations of coordinate
mappings, which redistribute the points in the
most appropriate manner, correspond to a
series of renormalization procedures.

The interdependent nature of each aspect of
the problem requires a thorough comprehension
of the total relevant physics. In setting up
variable grids there is an important factor to
be considered: one must address simultaneous-
ly any transverse energy distribution while
analyzing the longitudinal alterations as shown
in Figure (3) and Figure (4). If a wvariable
longitudinal mesh, 4n, is introduced without
carrying a variable radial mesh, a, to handle
large increments along the direction of propa-
gation, one inevitably faces a steadily decreas-
ing an step as the beam becomes more per-

The interplay of diffraction coupling and the i
Lo medium coherent response will inevitably redis- f,“iﬁbfm:ﬂgif;mf st?‘dl:re:rl: ue‘;ten'fhl:h:tﬁez

tribute the baam energy both spatially and crashes (162] to an increasingly smaller value

e temporally (39-43]. This transient beam i i
%) reshaping can profoun dly affect a device that and the calculation must be discontinued.
:::: relies on this nonlinear interaction effect. u;w addition ﬂt-,o t;:e coordinate nﬁdification, a
X0 R . . change in e dependent variables is intro-
g Essentially, this study seeks to minimize the duced in terms of the renormalizing factors
- % m."t-;‘b“ °fd simplifying assumptions associated (such as the reference beam waist, wave-front
;d up“ ous analyses. ¢ Specifically, this curvature and field amplitude) to extract the
eling encompasses self-phase modulation, radial dependence of the phase front and any
P dynamic longitudinai and transverse reshaping important source of amplitude variation. As a
Y and coherent energy exchange in an inertial result of the factorization of the radial ph
= medium. Effective mathematicai transf a1 ctorizaton o radia’ pnase,
e éium. ectn ema anstormations the new dependent functions vary more gradu-
o which are consistent with the physics make ally in the new coordinate system: what one
attainable a heretofore unachievabie solution calculates, therefore, is a deviation from a
.. (44-74]. reference Gaussian beam; any troublesome
‘ When light propagates in free space, it exper- radial phase oscillation is hence removed. As
iences diffraction spreading which alters the soon as the localized computational mesh de-
beam shape (75, 77}. In the more complicated parts significantly from the physical beam
<o nonlinear problem, the interaction intertwines waist, the renormalizaton procedure is re-
{.g the various parts of the beam; the transverse freshed and_ redefined using pertinent moment
! dimensions of the beam change drasticaily. As properties of the physical quantities. The new
a7, the transmission distance increases from the grid coincides with the actual expansion and
o launching aperture; one is faced inevitably contraction of the beam. Thus, the grid can
o with substantiai numerical difficulties. For be coarser, less extensive and more efficient.
_— example, a numerical paraxial code using a
. uniform radial grid can suffer a serious draw- Another major obstacle to circumvent is the
e back which would make the cost of the calcu- cumulative memory effect in the response of
:. lation prohibitive. Namely, the number of the medium to the laser beam. For computa-
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donal efficlency, the temporal grid will be
non-uniformly stretched as indicated in Figure
(5). To conduct such a study one must resort
to calculation as the equations are far
too complicated for any known analytic method-
ologies. In such a large and involved comput-
ational problem the caiculational efficiency of
the algorithm chosen is of crucial importancs;
it can well make the difference whether the
physical problem is actually solvable or not.
A brute force finite difference treatment of the
governing equations is not feasible. [nstead,
by judiciously making the salient details of the
physical processes the determinant factors of
where to concentrate the computational effort,
one can achieve both accuracy and economy.

The ndoa:on of non-uniform meshing techni-
ques defined in connection with aerodynamics
problems has proved to be a very foresighted
decision. In particular, these numerical me-
thods, designed by Moretti (S0, 59], discrimi-
nate between different domains of dependence
of different physical parameters; as a result a
higher degree of accuracy in the actual physi-
cal problem became feasible.

II. PHYSICAL BACKGROUND

The great interest in understanding the trans-
mission of intense ultra-short puises through a
nonlinear medium is due to their application in
laser-induced energy release via fusion of
hydrogen isotopes. The pulses of Interest are
assumed to be so short that no appreciable
pumping (or other energy-exchange process-
ors) can occur during the pulse. The reson-
ant medium is thus left in a non-equilibrium
state after the pulse passes. The behavior of
the pulse is therefore different and more
complex. When designing a high power laser
system, one must verify that no beam distor-
tion could evolve. Any departure from the
desired uniform illumination of the target could
prevent the fusion mechanism from taking
place. One should control the cumulative
interplay of beam diffraction with the medium
inertia to avoid triggering the onset of any
substantial self-action phenomena, such as
temporal and radially dependent phase modula-

Y tion and associated transverse energy current
‘:{'. and self-lensing phenomena. This chain reac-
; .\-' tion can contribute to undesired self-induced
A aberrations of the beam. The focal properties
f::-".‘_' of the laser pulse on target will inevitably be
(O degraded.
et
i This model is readily deduced from the Max-
- well-Bloch equations while taking into account
", the mutual influence of the transijent beam and
;\ the rescnant two-level atoms. The intense
LSAY traveling electric field is treated classically,
o) whereas, the two-level system is analyzed
oo quantum mechanically. in particular, the
P medium response is described using the den-
sity matrix formalism {76]. Furthermore, oniy
A a forward wave (i.e., moving in the direction
A of the incident wave), is present is this analy-
"~ sis; backward waves are neglected. Conse-
t,..: quently, we shall not be concerned with stand-
A\
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ing-wave effects. The effect of the dynamic

transverse  variation, the time-dependent l
phase, the boundary conditions for the propa- .
gating field are also included. None of the :
simplifying approximations (such as adiabatic -
following, rate equation or mean-field limit), is g
introduced; instead an exact numerical ap- o
proach is developed. This investigation is ]
accomplished by using a novel algorithm in- -
spired by a similar line of attack in complica- b
ted studies in Fluid Dynamics which has achiev~
ed suybstantial success. Such self-consistent
methodologies have permitted the construction
of a computer code capable of being physically
meaningful at every node point.

This first non-planar study simulates more
accurately the experimental configurations than
the previous restrictive one-dimensional theore-
tical attempts. This complete model takes into
account rigorously the interplay of diffraction,
nonlinear atomic inertia and both initial matter
and field boundary conditions.

This modeling, which evolved from a close
collaboration with different experimentalists,
can lead to a better understanding of the basic
and fundamental cooperative effects in light-
matter interactions. A quantitative evaluation
and clarification of some of the recent experi-
mental advances has been reached. This
study helped define novel laboratory experi-
ments which yield additional subtleties in the
physical processes. Also, extensions of this
study may help select optimum design configu-
ration for superfluorescence {79-82], X-ray
lasers (86-91], optical bi-stability [92-100],
double coherent transients (101-109] and
real-time holography  [110-117]. Further
benefits may include the development of new
methods to generate ultra-short pulses as
required for optical information transmission
and optical communication {118].

III. EQUATIONS OF MOTION

In the slowly varying envelope approximation
the dimensionless field-matter equations (8, 39,
42] which describe our system, in a cylindrical
geometry with azimuthal symmetry, are:

-iF v2e 32 - )
3 /at= eW - (iaQ + 1/19) (2)
and
AW/t = -1/2(e* + e ¥) - (w-wo)/tl.(3)
where

= (2 .

Re [e' exp {i(x/c)z-wt)}];

e = (2u/h )tpe', and

E

i = = -1- Q_ 8_e . -
with k/c = w and V‘Z:.e [p En (p ap)], after ap
plying L'Hopital's rule, the on-axis Laplacian
reads:
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P
ot The complex field amplitude s, the complex
1 polarization density, and the energy stored
per atom W, ars functions of the
.- transverse coordinate p = r/r_, the longitu-
3 dinal coordinate n ® 2z a,.., and the retarded
-] tme t = (t-z/c)/s,. The time scale is nor-
" mﬂudmachamuﬂsdcdmofthc input
L4 pum,tpmdthctnnmudmwnscal
— to a characteristic spatial width of the input
- pulurp. The longitudinal distance is normal-
:, ized tlo the effective absorption length,
) (u«f) , whers
',,'i
oy o * !n;NE 1oy » (= a't,) 4)
. In this expression, w is the angular carrier
" lrcqvuncyofthc optlcal pulss, u is the dipole
A moment of the resonant transition, N is the
-3 number density of resonant mkculu, and n is
. the index of refraction of the background
ey material. The dimensionless quantities & =
€. (u-.o)tp, Ul Tlltp. and L= Tzltp measurs
the offset of the optical carrier frequency w
A from the central frequency of the molecular
< resonance w,, the thermal relaxation time TI'
) and the polarization dephasing time T,, res-
" pectively.
o
P It is perhsps worthwhile pointing out that,
- even in their dimensionless forms, the various
quantities have a direct physical significance.
AR Thus is a measure of the component of the
PR transverss oscillating dipols moment ( has the
) proper phase for energy exchange with the
:;‘ radiation fleld). In a two-state system, in the
] absence of relaxation phenowmens, a resonant
s field will cause each atom to ocscillate batween
: the two states, W = -1 and W = ¢1, at a Rabi
g circuhr!uqucncyfntc/l = (y/h)e'. Thus e
&L measures how far this suu-cxchmqln pro-
.';- Cess proceeds in a FWHM puise lonqth L
4 »
~, The dimensionless parameter, F, is given by
1 -
o F = Mo gy 1/(4:::-:). The reciprocal of F is
the Fresnel number associated with an sperture
radius rp and a propagation distance (a.ﬁ)
et The magnitude cf F determines whether or not
it is possibie to divide the transverses depen-
"o dence of the field into "pencils", (one pencil
o for each radius p),which may be treated in the
- plane-wave approximation. The diffraction
>, coupling term and the nonlinear {interaction
terms alternately dominate depending on whe-
. ther F>1lor F <1.
] :: As outlined by Haus et al (38), the acceptance
. of equation (3), as describing the coupling of
e the material to the slectric field, implies car-
.,:;:,
r
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tain assumptions and approximations. Equation
(3) shows clearly that the product 'e ' of the
electric field, e, and the polarization,
causes a time rate of change of the population
difference (or equivalently, of medium energy)
leading to saturation effects: Inerdal effects
are considered.

IV. ENERGY CONSIDERATION

From the field-matter relations (1)-(3) one
obtains the energy current equation:

#F V. (e9p 2

:(g‘ +e?®)

* < o%Y e)*ane

v-]=- z[a‘w + (w-wo)/tll €))

where, using the polar representation of the
complex envelope, we have

e = A expl+ ¢]
I, = Az; and

2 20
Jp=2F 1A

(6)
M
8)

The components Iz and J’.r represent the

longitudinal and transverse energy current
flow. Thus, the aexistence of transverse
energy flow is clearly associated with the
radial variation of the phase of the complex
field amplitude ¢. When ]’.r is negative (i.e.,

3¢4/3% > 0], self-induced focusing dominates
diffraction spreading. Since 3¢/3p determines
the direction and speed of energy flow, it is
reasonable to monitor either a phase gradient
or the transverse energy current for a central
diagnostic as the calculation proceeds

One may rewrite the continuity equation (S) in
:he laboratory frame to recover its familiar
orm:

w-w
voIa-2 [2we A% -2 °

a

Ctpa off Y
SMALL TRENDS CALCULATION AND SIMPLE
PHYSICAL PICTURE

There are at least two ways of visualizing the
coherent transient on-resonance self-lensing
phenomena. The first is to see that phase
variations can lead to a frequency offset, so
that index arguments used for off-resonance
seif-focusing apply. By Eq. (1) the in-phase
component of the polarization leads to phase
changes with propagation. If the input is
transversely uniform and on resonance (hence
also unchirped), the in-phase component of

always vanishes, even when integrated over a
symmetrical inhomogeneous line width, so no
intensity-dependent phase changes or focusing

C)]
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’ occur. [f the input is transversely nonuni- is given by the second term on the right hand
form, the ln-phuep is initially zero.y Through side of the equation (14). The behavior in an .
N the ordinary diffraction term, however, phase amplifier is (llustrated in Figure (6a) where
. variations begin mdut‘ly_ These phue the '2n', .‘, field and total field elD after a
oo changes lead to defocusing. They also lead to small distance n) are compared with the cor-
o8} chirps which appear as a frequency offset. responding pair, ¢ = l.6n and qp. The
.08 This allows for an intensity-dependent in- D
- phase to arise which can result in focusing advance of the peak is less in the smaller
or defocusing. area. The corresponding curves for an absor-
ber are shown in Figure (6b). In contrast, the
o To establish a second argument based on more delay for the peak is greater for the smaller
A physical intuition let us derive the relative de- area.
I; pendc:_tce ofgipulu :Lloctlty qot'l: the tinp\;;éleld
A area for a given pulse len in the orm Thus, in each case, absorber or amplifier, the
3 7.j plane wave limit. The diffractionless field smaller area pulse moves more siowly than that
N equation reads as follows: of the larger area pulse.
- 3 e 10
‘ n D (10 It is noteworthy that the relative delay for ad-
3 while the energy equation jacent pulses in resonant absorbers is larger
2 than the relative advance for adjacent pulses
an ep zem ) i(x; )ampgfyinn g (l;l;?h as fllustrated in Figure
a) and Fig. .
using the Bloch equations, obtained from the
= density matrix, one obtains
b V. PERTURBATION APPROACH TO THE
. 3, ¢p 2342y sineg 12) INITIAL BEHAVIOR
w7,
: . t , The three-dimensional beam can be thought of
1}_. with 8,y = J e[ dt a3 as a composite set of one-dimensional plane-
1.' - wave pencils (a pencil for each radius). This
A idea may be used to construct a picture of the
o . 'fl;h‘ m“f""/ plus sign refers to absorber/ampli- physical processes that produce the phenome-
u"' diIs one "t;“m“d that for small propaga- non of transverse reshaping, as in the follow-
X droln t}m:h” fi : d“‘ “&‘d l““““m’"' . 18 ing example. A comparison of the distinct
N ven by the field at the input plane, e,, an temporal evolution of two separate pencils will
0 analytic expression for the field energy can be be made for short propagation distances. One
.\j obtained as follows: pencil is on}-:?lx“'th where tge tn;eln:ityi is at
; . maximum, while e second, whic s just
L3 .
' 2~ 2 off-axis has a smaller intensity. The induced
2N ep = ¢ tone, sine, (14) nonlinear polarization that results wili make the
with e_ and 8, the field and its tme-integrated  Jroup veloclty of the pulse peak ot the center
- a a pencil exce e corresponding off-axis group
" area at the input, (or aperture plane), respec- velocity. This is sketched in Figure (7a) for
_,{ tively. For large values of t, e  tends to a pre-excited medium and in Figure (7b) for
S a an absorber. For the particular instant of
- 2ero causing ep be bound and finite. time Tor the off-axis field is larger than the
*-::: The electric field is now given by: on-axis field.
-~ 2 5
ep * (e; 2 2n e, sing,) Qs) A;sociated wiitlh thul‘s relative motion between
- . adjacent pencils, ere is a variation in the
. By direct integration, one finds that in the - -
., case of the absorber the peak is delayed rela- f,’?{;,,‘;f t:hnen on R’:d’r_h?ai’:::: SSI::: pi“t:gcém-
S tive to the speed of light, whereas in the am- bution is négauve As the pulse propagates
" plifier it is advanced. This follows because in 1 lat : f
. the first case, the leading edge is absorbed along n, at a later instant of tme 1, the
N and in the second situation it is amplified. In transverse coupling term eventually vanishes.
- the case of the '2n' pulse the behavior in the Still further away, its contribution for time 1)

trailing edge for either media is the reverse of

3 the leading edge. This leads to the possibility becomes positive. Thus the sign of the Lapla-

cian is a function of time. [ts value at the

D
t,

- of distortionless ‘2n' pulses traveling with a front of the pulse is different from that at the K
{:* velocity greater or less than c/n, the speed of tail of the pu‘l)se. Along with these changes in -
e light in amplifiers and absorbers respectively. amplitude, the phase aiso varies. These ampli- e
" The speed of the peak of a smaller area, in tude, A, variations and phase, ¢, delays lead .
5 both Wi" f°£hm‘?i" is ,5‘?’ U:a" the speed of to larger phase accumulation on-axis. Radial -

eﬂxpi. rs:: ito mt:le:t:g'ec:llyn isp‘:.o“c.!ete :m::Y U:g variations of the phase will induce a dynamic ‘
o) change in the field from one plane to the next Lrapsv; rae engrgy cf‘"‘“" (defined by IT e :
- as determined by the polarization. The contri- F i A® 30/3p), flowing inwardly at some times o
N ‘;, bution of the ‘field radiated by the polarization and outwardly at others. .
- -14
~ Y
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The parameter F, which is the coefficient.of
the Laplacian term, is a small number O(10 7).
Its reciprocal is the Fresnel number per active
charscteristic length. F corresponds also to
the reciprocal of the on-resonance small signal
gain given in a diffraction length as defined
by Lax et al in their paper on the analysis of
the paraxial approximation (118]. Further-
more, the small longitudinal field that Lax has
found as a first order correction to the purely
transverse field is negligible for our case.

It is therefore suitable to use F as an expan-
sion parameter for the relevant wvariables.
wgmn keeping only the first order term, one
obtains:

e3¢+ F(elp + ieu):
= O’F( 11"'il.i)‘md
w:wo-o-l-'wlr (16&)

where ¢ and o are the numerical real (phase-
less) solutions of the uniform plane-wave
propagation problem.

Thus, when substituting in the coupled wave-
material equations and separating the 2zeroth
and first order, one gets:

an €% * o

] and

v 0= % %!
2 W*-% ¢ (16b)
an ®1r ¥ 1r

% 1r*Yo 1r * % Yir

qWir (e 0% % 1
Gt y (16¢)

& nu*Woey

It is easy to see that if {nitially, (for all n and
for t < 0), and at the input plane (for n = 0
and all t) the perturbations terms are zero,
the real parts will remain 2zero all the time.
As the pulse propagates, the imaginary parts
of both the three-dimensional field and the in-
duced polarization grow.

Thus, we have from (16¢)
T
u* j(')dt' Wy ey an

Equations (16c) can be integrated to obtain the
perturbed field O in terms of the known

solutions of the one-dimensional problem: ey
and wo. By making a further approximation

2
1 < T & (18)

which is certainly true for small enough n, we
get our working equations:

n
n {)d"’ (9p °0] (19a)

The rate of growth of & and its sign depend
on the radial variation of -

¢ = an"! [Fe, /00 (19b)

Numerical computation showed that the latest
approximation (18) is a valid one. The new
value of the perturbation field and of the
related phase are in very good agreement with
those evaluated previously. By taking iter-
atively into account the effect of 1y- one
obtains:

n T
C
e = fdn[vze + [ dv'(W, e,.)] (20a)
Ho TO o 01
and
o€ = tan”(F €5/e0) (20b)

The second term in the right-hand side of
(20a) being a functional of W,, will change

sign according to the initial stage of the med-
fum. Should the medium be initially at ground
state, wo is negative; on the other hand, if

the medium is pre-excited, the population is
inverted, and Wo is positive. Accordingly,

the sign and the value of the phases will
vary. This contribution will be reflected in
the transverse energy current, J'.r.

Thus, the wavefront curvature is directly
attributable to the on-axis pencil moving faster
than the off-axis rays, as sketched in Figure
(8), inducing the Laplacian to alternate sign
as a function of all the independent variables.

The validity of this procedure is limited to the
range of propagation distances where one-di-
mensional pulses do not differ significantly
from their three-dimensional counterparts.

A significant prediction of the perturbation
theory is the development of a substantial
focusing curvature of the wavefront in the tail
of the pulse. This occurs well within the
reshaping region before any substantial focus-
ing (or defocusing) begins to occur. The
results of the perturbation theory are in good
agreement with the corresponding rigorous
three-dimensional resuits [39, 41). This is
illustrated for absorber in Figure (%a) and for
amplifier in Figure (9b). These graphs refer
to a situation well within the reshaping region
where no substantial seif-lensing has vet

e
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Nevertheless, there is already
substantial phase variation on the tail of the
pulse. This is indicated by the curves labeled
#(3D; po0) and ¢(3D; p=4p). These give the
phase variation for the three dimensional case
(3D) as determined by the full numerical caicu-
lation for two values of p. In the input plane,
the pulas area is 2n at p = 0 and is 1.8n at
p = d.

The fact that in absorbers the phase is smaller
8 at p = 0 shows that energy is
y ard p = 0 in the tail of the
amplifiers, the phase de-
as of tv, and this decrease
ger =  than at p = & The absorb-
the lifier appear to behave in
ways in mha&ina ng_iion; the tail
r e_tail of the
. t as
t continues to propagate. This
use the pulse in absorbers moves with a
speed less than the velocity of light in the
medium, c/n, while the pulse in the amplifier
moves with a speed greater than c/n (this fact
does not contradict special relativity since the
snergy flow rats never exceeds c/n). Thus,
when focusing does occur in the absorber. the
peak pulse intensity corresponds to a value ¢,
where the phase curvature was significant in a
previous plane. In the case of the amplifier,
the peak fisld moves away from the tail of the
puise. Therefors, even though the on-axis

1N
;Eg
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Purthermore, in an amplifier the
medium reprasents a continuous source of
energy: this s In contrast to the abecrber
situation wherse only ths initial electric field
. Thus, a
K always he
competing against amplifying action, and
thersfors no significant seif-defocusing could
teagonably be observed.

Instead, focusing does occur in the time
tail of a coherent puise propagating in
the same amplifying medium. As it will
be shown subsequently in this paper, a
pulse break-up uccurs on-axis; only the
second pulse of the double peak seems to
be associated with focusing. The three-
dimensional numerical calculaton for the
amplifier ‘indicats that longitudinal pulse
break-up occurs, but the first pulse is
indistinguishabie from the corresponding
one~dimensional pulssa. This is consistent
with our theory since phase modulation
does not become significant during the
passage of the first pulse.

One sees that the phase variations due to
transverse coupling are not only a function of
the space coordinates but also evolve in time.
As a result, if the propagation beyond the
reshaping regime (where field phase builds
up), occurred in free space, the beam at the

temporal peak cut would only focus after auget

= 38.75, which is in the far field of the input
aperture. On the other hand, if the propaga-
tion continues in the nonlinear medium, the
focus occurs much sooner, at Toppt = 8.875,

which is the near field. Thus, the presence
of the active medium triggers the self-lensing
mechanism sooner. The reciprocity between
the physical processes in absorbers and in
amplifiers, is further lost, as the transverse
boundary begins playing an important role for
amplifiers.

As a summary note, one finds that the move-
ment in time of the pulse's energy (i.e., peak
amplitude) relative to the focusing (or defocus-
ing) phase is the most critical mechanism for
the deveiopment of any self-action phenome-
non.

It is particularly appropriate to study the
origin and evolution of the energy current
since it determines the appropriate conditions
responsible for the onset and development of
the coherent self-lensing phenomena.

V1. FURTHER ANALYTICAL WORK

By combining the previous small trends calcu-
lation and pencils approach, one obtains a
completely analytic expression for the phase ¢
as well as for IT‘ the transverse energy
current [41,43).

From equation (19) to equation (30) namely

(o4
¢ = Fe//e; 1)

2 c c
IT:FQID (aPO)SF{eID(aDell) - ell(apelb)} (22)
The various self-action processes arise through
the combined effects of diffraction and the
nonlinear inertial response of the medium.

For illustration, an absorber example is
considered. The specific dependence of
the pulse delay on the input area is
shown in Figure (10a) and Figure (10b).
Consequently, one expects that little
focusing occurs in the reshaping region
while each annular ring of the input
Gaussian profile evolves (see Figure (10c)
and Figure (10d)) according to the uni-
form plane wave theory; the conventional
outward energy flow takes place (as
shown in Figure (lla)). However, as the
three-dimensional calculation will show,
since the more intense rings propagate
more rapidly, the tail of the pulse has
more intensity in the outer rings (causing
the appearance of an indentation near the
axis). However, linear diffraction will fiil
the profile as displayed in Figure (lib).
Light diffracting towards the axis from
the trailing edge of the pulse in the rim
of the beam (at larger radius) interacts
with those atoms which were excited by
the preceding pulse (which was closer to
the axis) and can experience net amplifi-
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o cation as illustrated in Figure (12a) and amplifiers than in absorbers. As the beam
‘ (12b). Because of always-present propagates into the medium, its characteristics
3 interaction with population-inverted may significantly change temporarily causing a
:‘.' atoms, the amount of energy arriving in larger field off-axis than on-axis.
N the absorber at the axis is significantly
7 higher than what it would be if the In the reshaping region, the radial field distri-
.,j remaining medium were linear This bution in the tail of the amplifier differs from
-3 boosting mechanism continues as energy that in the absorbers. In the amplifier pulse

flows towards the axis, making a positive
contribution to the center of the beam.
A The leading portion of the pulse in the
rim of the beam continually sees an ab-
sorber and thus experiences net absorp-

tail, the field remains peaked on-axis whereas
in the absorber puise tail, a depression devel-
ops on-axis. Thus outward diffraction contin-
ues to dominate in the amplifier pulse tail,
whereas inward energy flow starts to occur in
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alternate sign. For small enough n (where
higher order terms of n can be neglected), the
energy current is positive tndicadnq an out-
ward transverse energy flow in agreement with
the spreading due to a near-field diffraction
effect. As n increases, the second term must
be considered also. Since its contribution is,
in absorbers, a negative quantity, IT event-

ually changes sign and begins flowing inward
towards the axis forming a converging lens.
The latter may counteract and overcome the
diffraction, giving rise eventually to the
coherent self-focusing. If n increases further,
the third term contribution becomes important;
its effect will tend to reduce the inward trans-
verse energy flow associated with the second
term. The third term can be interpreted as
the manifestation of additional diffraction due

N don. the tail of the absorbing pulse.
2 Consequently, the resulting expression for ]'T This trend to focusing in nonlinear absorbers
v is a power series in n with coefficients of is significant in that it is opposite to the

effect shown by a conventional diffracting
free-space signal. In amplifiers, a stronger
diffraction is set up at the front of the beam.
Light that thereby diffracts outwardly, exper-
fences nonlinear amplification by the pre-
excited resonant medium which has not yet
interacted with the slower moving pulse off-
axis as shown in Figure (14). The subsequent
behavior of this diffracted light will be strong-
ly influenced by the boundary conditions at
the edge of the medium.

VIII. OUTLINE OF NUMERICS

The retarded time t refers to the actual time
in a stationary frame of the time of arrival of
the front of the pulse at the position 2. The
advantage of this coordinate transformation,

-, from t to t, illustrated in Figure (15a) is that
"o to the narrowing of the optical beam. In ampli- it allows an accurate numerical scheme to be
) tier, however, the second term is flowing developed for which the increment in n and ¢
o) outwardly enhancing the diffraction spreading. need not be related in any special way.
A
. In Figure (13a) and Figure (13b) I, is dis- Herein, the equations of motion are solved in
- abso lx‘ﬁn'nT the near-field region of an optical pulse
reol:;:?:tiv‘e‘:;. rber and amp g media initially Gaussian in both p and <. This
£ a:t\:lnu toTha mx;:l u\it}al bo\_mdary;valt:e
3 Due to the approximations used, the expres- em. e ini configurations o €
W sions obtained can at best suggest trends of ﬂur beam and the resonant medium are speci-
x what really occurs, which can only be studied fied subject to certain conditions for t > 0
- by rigorous three-dimensional numerical compu- which must be satisfled at all space points.
7 tations. However, the present results were Furthermore, the field boundary condition at
found 10 be qualitatively consistent with the '!"i’ 0 is (t{?:;depznd(ersté) T"E‘.‘s iths’“mhed i’i
three-dime €3 an . or the numerica
. full ol nsional calculation results. soft‘:t!ion, a temporal-spatial mesh of grid points
.; is usedl to z'el:\gsen:l the ;}-q -t space. At a
. SUMMA given plane n, the values of the various depen-
:3 vit. s RY OF THE PHYSICS dent variables are obtained for all stations.
¥ We have verified that in an amplifier, energy This procedure is repeated until the desired
. is transferred from the medium to the electric propagation length has been traversed.
- zi::dml.ndmt:e uf‘ro&t. ﬁ“u?f fhu:’;m::d ‘m‘:km: The basic numerical algorithm consisted of a
the converse applies for absorbers. Only for combined explicit and implicit method. The
& the case of a '2n' pulse is all the energy MacCormack (48] two-level predictor-corrector
o' returned to its sources. non-symmetrical finite-differencing scheme is
> used to ac}vance the field equation along the
- ; direction of propagation, n, while the modified
) :31:. ;:r:cp.ae%asnot:e ss%?e% :ff ut::: Pne a:mp?ffyf:; Euler three-level, predictor-corrector scheme
o media; whereas, it is less than the speed of is used to update the material variable in

time-retarded time 1. The mutual light-matter
influence is a mixture of a boundary vaiue (for
advancing the field) and an initial value prob-
lem (for calculating the atomic responses)

light in abscrbers. In both cases, the propa-
gation speed is greater for the mare intense
puise than for the weaker pulse. The differ-
ence in speed among adijacent radii is less in

)
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{11]. To improve accuracy and to speed up
the convergence, cross-coupling is accentua-
ted. With such steps, the scheme becomes as
flexible as a strongly-implicit algorithm. The
final field value, rather than the predicted one
as done classically [8-11, 25, 39 40}, is used
to correct the material variable, and the final
material values instead of the predicted ones
are used to correct the field. The final vari-
ables are obtained as solutions of a set of
five, simultaneous, algebraic equations.

IX. DETAILS OF NUMERICAL PROCEDURE

An outline of the numerical method is illus-
trated using two simplified equations that are
representative of the full set describing the
propagation and atomic dynamics effects. In
this context, the material variables are denoted
by M, whereas either of the electric field
variables is denoted by F. Both variables are
complex quantities which are functions of n,
the propagational coordinate, n, the transverse
spatial coordinate and t, the retarded time.
with M_, the equilibrium value of M, one can
write tfte representative equations as:

-ivire S 3

. 21,2 2

with 2. F = L 22 35y (24)
oM A
MMM M, @5)

subjected to the initial and boundary condi-
dons.

1. for v >0: F=0, M= M, known function
to take into account the pumping effects;

2. forn=0: F is given as known function
of t and p;

3. for all n an_d T [@F/ap] =0 and
{aF/ap) papmvamshes as with Pmax
defining the extent of the region over
which the numerical solution is to be
determined).

The derivatives appearing in (23) are only
with respect to space variables; in this equa-
tion, time enters only implicitly, through the
right-hand side terms. On the other hand,
the derivative in (25) is a time derivative
only, and the space influence is provided by
the right-hand side terms. This situation
entitles us to consider the two equations as
somewhat uncoupled and to adopt special
integration procedures for each of them sepa-
rately. This assumption, though not rigor-
ously correct, has proven to be very useful in
practice. We cannot be sure that the accuracy
of the integration procedure is of the second
order in An and JMp as well as in Atr for the
material variables. A similar remark may be
made for the field variable with respect to ar.
[n this algorithm (which uses the two-level
nonsymmetric MacCormack explicit predictor-
corrector finite difference scheme for

BL A BA S LAl Gl L E Al o b Sl Al g i el NGRSO R SCA N

marching the electric field F along n and tl.e
three-ievel modified Euler scheme to integrate
along t the material variables), special atten-
tion is given to ensure second-order accuracy
in all space and time increment steps simultan-
eously for all the dependent physical, field
and material variables.

This goal is achieved by using the final fieild F
instead of the predicted F to evaluate the final
M; and the final M instead of the predicted M
to correct the field variable F. A set of two
transformed simultaneous, nonlinear, algebraic
equations in two complex variables is obtained
and can be easily solved. For simplification a
well-known quasi-linearization, an example of
which can be found in Moretti's treatment of
the chemical kinetics problem [53], is intro-
duced as follows:

FM=-FiM1+FiM*FM1 (26)
where i means the "initial value" and can
reasonably be denoted by the predicted val-

ues. This approach follows readily the Taylor
expansion of the product 'FM':

FM = (FM); + [ 35 (FMD) (F-F)

* [ g (EOL M) v @n

truncated at first-order terms.

Mathematically, this algorithm reads as follows:
with

F(J an, map, kav) = F) 28
LF = 1 V2 F = (i/p) {/20(oF)} (29)

The predicted field can be written as:

*1 _ ¢l i Feij
E.’m,k *fax* A"‘[Mm,k -L E.m,k] G0

whereas the corrected field reads as follows:

j*i . ] j*l
l'.m,k s’[(Fm,k * fm,k)

v il LB EMy) (31
LF and LB are the forward and backward

differencing of the transverse Laplacian opera-
tor cylindrical coordinates with azimuthal
symmetry.

The material variables are integrated in the
following manner. The predicted values are
defined as:

5 il = j*l j*1 jﬂ__ j*l \
Mm,k+l Mm,k—l'z("‘t)[s.m,k‘“m,k Mm'kh\ie](32)

while the corrected values are given by:

m PR

.
D]

A

ORI v

TR




"

C
Ky
0

2 A
VA
ENRRE AN

[«

-

.«
.

»
e

R A R R

1 1.g 1
CEG LU Ly

1 1 j*l j*1
* At {(-P‘;'kﬂ 'kq)’Fm,kﬂﬂm,k*l

1 1 j*1
* ﬂ;,kﬂuxr,kﬂ’m':, k’l’Me)l (33

Rearranging, one has

1 j*1 +1
Fn{:k*l =3+ Fuka* 9y 'ém,m (34)

1 j*1 j*1
MY kel 32 B Folhe) * G My e @a%)

which is a set of "linear algebraic equations”
(with locally constant coefficients) that can
readily be solved by straightforward elimina-~
tion.

It is noteworthy that when this differencing
procedure forward-predictor, backward-correc-
tion at 'j¢1', is followed, at 'j+2', by its cor-
responding reverse backward predictor-forward
corrector, the overall amplification of the error
wavelets is smaller. This results from the fact
that when one alternates the two reverse
procedures, the amplification matrices (one for
each procedure), have different eigenvalues
and eigenvectors for the same Fourier compo-
nent of the solution [49].

The numerical code has been tested systemati-
cally by insuring the reproduction of analytical
results of problems such as free-space propa-
gation ([76), Gaussian beams propagation
through lenselike media {77], Bloch's solution
at the input plane for an on-resonance real
field [8] and coupled uniform plane-wave
calculations for an input 2% hyperbolic secant
(8). Identical results were obtained solving
these problems expressed in the eikonal and
transport form [1], and the three-dimensional
results have been compared qualitatively and
quantitatively with an analytic perturbation in
the reshaping region (39,40].

X. IMPORTANCE OF BOUNDARY CONDITIONS

in this section we will discuss the role played
by the boundary conditions in the solution of
the probiem. Previously, the importance of
careful handling of boundary conditions was
not stressed. For all physicai problems,
particularly those in fluid mechanics, that have
been treated numerically so far, acceptable
results have .been achieved only by coupling
an accurate analysis of the internal points with
a careful numerical treaument of the boundary
points [54].

When the laser beam travels through an ampli-
fier, the transverse boundary has an increas-
ingly crucial effect in contrast to the absorber
situation. In particular, the laser field, which
resonates with the pre-excited transition will
experience gain; whereas, the laser which
encounters a transition initially at ground

state, experiences resonant absorption and
losses. A more significant portion of the pulse
energy is diffracted outwardly in the amplifier
than in the absorber. This point has been
previously discussed in the section on pertur-
bation.

In resonant, nonlinear, light-matter interac-
tions, the velocity profile will not be uniform
across the beam. The local intensity at a
particular radius as well as the initial state of
the transition (pre-excited as opposed to
ground state) will dictate the distinct delay/
advance that the "pencil” [pulse] will exper-
ience at a particular radius. Consequently,
these boundary reflection conditions tends to
play a substantial role in the amplifier calcula-
tions and could, if ill-posed, obscure the
emergence of any new physical effects. One
has, therefore, to be particularly careful in
simulating amplifiers.

Special care is required to reduce the bound-
ary effect to a minimum. By using non-
uniform grids (in all physical variables), and
confining the active medium by radially-depen-
dent, absorbing shells one can construct an
effective and reliable algorithm that is locally
consistent with the physics of the problem.

More specifically, the boundary condition to be
discussed below describes, in effect, an ab-
sorbing surface. This condition is a repre-
sentation of an actual experimental approach in
which the laser amplifier is coated tw circum-
vent any spurious reflections. Various at-
tempts have been made to simulate this ab-
sorbing surface.

Mathematically, this approach is implemented
by introducing a radially-dependent loss dis-
tribution. The loss coefficients obey a Gaus-
sian dependence peaking at the wall itself.

Three forms of losses were studied: an Ohmic
linear form, a cubic Kerr loss, and a reduction
in the nonlinear gain of the active medium.

For strongly amplifying media, the transverse
boundary could still cause computational diffi-
culties for self-diverging beams, because it is
difficult to select, beforehand, the functional
location of the boundary. An alternate ap-
proach to the problem would be to extend the
transverse grid to infinity as displayed in
Figure (16a) and Figure (16b). With this new
mapping method, the mesh density is reason-
ably uniform in the region occupied by the
beam, while outside this region the mesh
density falls off rapidly with the final point
occurring at infinity. [n practice, the most
effective treatment of the dynamic, transverse,
boundary consists of implementing an absorb-
ing surface while concurrently considering an
infinite physical domain and mapping it on a
finite computation region.

Hence, the desired transformation process for
the transverse coordinate is similar to that
used in constructing the nonuniform { =poral
grid.
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’ Specifically, enough mesh points to assure proper resolu-
NG tions where phase gradients (wavefront curva-
- §=twnh (Bp) 0<§<l; Ny >N, (36) ture) change very rapidly.
\ -,
N:‘ £=(k-1)/Ng 1<k« Ng an While there is no maximum amount of mesh
O points that can be used, it would be costly to
. Pmax = P(Np). (38) reduce the entire mesh size to assure values
Y 1 1+ which allow sufficient accuracy at the critical
D'(ﬁ)lOQ(Fé) 39 plane.
. 1+£(N,)
I 1 A (40) A compromise solution can be found, however,
with B= Ny 9 L rgw,y! in a variable mesh that is defined by widely-
P spaced computational nodes in the area most
o with p(N,) denoting the actual maximum radius distant from the plane of interest and densely
SN i . clustered nodes in the critical region of rapid
-, :hh:re”;ih:n “,‘,’(‘t’:n:fn:‘“'}‘mi; ’p‘(ﬂ,} ;;retsoen:(N Ir)u change; the latter being in the neighborhood
A B of maxima and minima or, for multi-dimensional
- there is no amplifying medium; instead, there problems, in the vicinity of saddle points.
is an absorbing layer.
Ny Consequently, resolution is sought after only
wal The derivatives of the mapping can also be where it is needed. The costs involving
defined analytically as follows: computer time and memory size will dictate the
R maximum number of points that can be econo-
a 5 2 mically employed. In planning the use of such
- a variable mesh size, the following points,
p ap B (A-£%) = p sech” (o) (41a) outlined by Moretti (50] in connection with
. and aero-dynamics shock calculations, must be kept
2 - in mind:
)
- -£). (A) The stretching of the mesh should be
ap* * 2& ta é ) (41b) defined analytically so that all the addi-
vz tional weight coefficients appearing in the
! axis - equations of motion in the computational
on (] £-e (41¢) space and their derivatives can be eval-
oA Therefore, the diffractic ling t be- uated exactly at each node. This avoids
Ry comes: re ¢ 7 coupiing term Be the introduction of additional truncation
..;- errors in the computation.
~ 2
\'.'j' Pe = 2% a2+ af 2 6); (41d) (B) To assure a maximum value of AT, the
WA T Tp mathematical grid step, the minimum value
. L 4 of At, the physical time increment, should

-
P 2

be chosen at each step according to

necessity. This means that the minimum
- with the on-axis contribution reading as value of At must be a function of the

~
.y steepness of the pulse function.
.4 2
o) e 238, m L 2 3 (C) The minimum value of At should occur
. T p=0 3 g0 P 3@ inside the region of the highest gradient
D which occurs near the peak of the puise.
2% at 2 (41e)
2 = To reiterate the above discussion, the most
o 13 3p suitable nonlinear transformation is one in
’,. Whiih nf\ort:h points are concentrated near the
< . peak o e pulse. The derivatives with
.. In Figure (17a), Figure (17b), Figure (17c) respect to 1 are greatest around the peak
and the first, second radial derivation and the rather than in the wings. By this choice, the
Laplacian term are drawn. Figure (18) con- desired fineness of the mesh is achieved with a
Wi trasts in the stretched radial coordinate sys- minimum number of points. For example,
tem, the transverse coupling and the electric following Moretti's approach, if T=tanh(at)
- field. (42a) and a must be larger than 1, the entire
Syt . semi-axis t greater than zero can be mapped
< One can appreciate the sensitivity of the on the interval 0 F T F 1 with a clustering of
L numerical domain and the dependence of the points in the vicinity of t = 0, for evenly-
R physical parameters to the boundary condi- spaced nodes in t. Mapping of this kind has
ot tions. several advantages. They introduce into the
O equations of motion new coefficients which are
2 XI. PRESCRIBED STRETCHING defined analytically and have no singularities.
- . . They also avoid interpolation at the common
- A proper handling of the differential equations border of meshes differently spaced. From the
s of motion is possible provided that there are viewpoint of coding, not much additional work
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- is required. The computation is formally the desired stretching is similar to the one defined A
i same in the 'T' space as it was in the t space. for treating the radial boundary conditions. )
ASK Some additional coefficients, due to the pre- The mesh points are clustered near the begin- .
o sence of the stretching function, appear and ning (small r); their density decreases for
IR are easily defined by coding the stretching large value of t (near the end of the temporal
o function in the main program. Obviously, by window).

.jf'.', a proper choice of the function and by letting

o some of their parameters (such as «, ahove)

s vary as functions of the propagaton distance XII. ADAPTIVE STRETCHING IN TIME
according to the physical needs, the accumula-

M. ton of points can be obtained where necessary Due to the continuous shifting of energy from

A at any distance of propagation. In the laser the field into the medium and then back from

N problem, we use a slightly modified stretching : < ;

Xy function: the medium to the field, the velocity of the

NN : pulse is modified disproportionately across the

-~ LI P (a/2) log(T/(1-T)) (42b) beam cross-section. This retardation/advance

~ N phenomenon in absorber/amplifier can cause

M where a is a stretching factor which makes energy to fall outside the temporal window.
-— points more dense around t., the center of Furthermore, due to nonlinear disperson, the
A gravity of the transformation. In particular, various portions of a puise can propagate with
- different velocities, causing pulse compression.
o o=t indow/ 109 (N ;5-2) (43) This temporal narrowing can lead to the forma-
o~ P tion of optical shock waves. The quality of
Al with Nup is the number of uniform points in the tt(;aimpot'al resolution becomes critical. To
maintain computational accuracy a more sophis-

" the mathematical grid, and twindow is the ticated stretching than that described in
- temporal window (duration of shutter opening) Section XI is needed. It is therefore neces-

‘AL sary that the center of accumulation of the
A window = (*max - Ymin’ (“4) nonlinear transformation used to stretch the
O time coordinate be made to vary along the
<.’ T is an arbitrary point used to define the direction of propagation. This adaptive stretch-
St ing will insure that the redistribution of mesh
':: center of transformation so that the change of points properly matches the shifted pulse. It
the coordinate will be optimum for more than is displayed in Figure (20).
one plane along the direction of propagation.
s Figure (19) illustrates the transformation and
e its different dependence on the particular This time, the transformation (42) from t to T X
-;\-: choice of its parameters. i; apgﬂed about a center t. which is a func- 3

- on of n: o
oy It is noteworthy that derivatives of the map- T "~
ot ping functions produced by the gradual varia- =1 (n) ¢+ % log 17 - (45) =
tion along the 'T' axis is also defined analyti- ¢ N :

1
=2 -
. ) cally namely 3t/aT (a/2) [TA-T)]" (44b). The stretching factor a could also be a func-
e The computational grid in response to these tion of n as illustrated in Figure (19b). R
AN transformations remains unchanged while the -9
xnn physical grid (and the associated weighting The equations are very similar to those of -:4
ol factors) can change appreciably. In particular, Section III, except that an extra term is N
».::s it is noteworthy that t,, which can be a added: 3
NN mci:on of z,d deﬂ‘x;:ls the location of the R

! um ‘At' and its value. Consequently, the d ’

] stretching can be adjusted, in centering and iF v2 . . de aT e _ !
08 strength, at every step according to specifica- CiFVp, et 3t 57 (-5 1, dqn. =~ (46) -
tion. While t . . - defines the extent of the ¢ -
Y physical region to be computed using the The role played by the time coordinate is K
o nonuniform stretching, the same adequate different. Previously the field equation did 4
o resolution around the peak of the pulse can be not contain an explicitly dependent term. R
! obtained with only one fifth of the points - iy
= shouid their distribution have been uniform. t(n +an) = T (n) ¢ [r, () T (n- 2], (47) >
v 'rh& improv%ment ii.d dxl;amtic. In contrast, the ¢ ¢ p pk !
LN uniform WO ave re ve times ) . .
::‘.; the compgxt.ier tim: and siqrt;if?:at;:de)?tr: stor- where tpk(n) is determined from the previous ‘
"_-:.‘ age. plane n as the time at which the electric field ~
iy on axis is a maximum. The time delays/advance ~
-\.ﬁq Shouid one need to study the laser field build- accumulated in the interval in D
oA up due to either initial random noise polariza- -
+7 & ton (for super-radiance), or due to an inital At =t k(n) = Toln - an) (48) b

tapping angle (for super-fluorescence), one P P e
.:__': must utilize a different swretching (173]. This measures the velocity of the peak relative to .
:;-. the speed of light:
A X
o
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XIII. REZONING

The main difficulty in modeling laser propaga-
tion through inhomogeneous and nonlinear
media stems from the difficulty of pre-assess-
ing the mutual influence of the field on the
atomic dynamics and the effect of the induced
polarization on the field propagation. Strong
beam distortions are expected to occur based
on a perturbational treatment of initial trends.
Hence, in practice, any rigorous, self-consis-
tent algorithm requires particularly flexible
numerical strategies to avoid insufficient reso-
lution within a reasonable number of grid
points. Thus, one must normalize the various,
critical oscillations to overcome the economical
burden of an extremely fine mesh size. To
insure such accuracy and speed in the compu-
tation, a judicious choice of coordinate system
and appropriate changes in the dependent
variables must be considered as plotted in
Figure (21). Evenly-spaced grid points in a
computational space are related to variable
grids in the physical space. The paraxial
equation is, thereby, transformed into a more
suitable form for computation. These numeri-
cal strategies can either be chosen a priori
and prescribed at the start of the computation
or automatically redefined and adapted during
the computation.

The basic rationale behind the transformations
is to restrict the computation to the departures
on the Gaussian beam rather than requiring
calculation of the complete amplitude. This
procedure removes the necessity for sampling
the high frequency oscillations induced in the
phase by self-lensing phenomena. The coor-
dinate transformation alters the independent
variables and thereby causes the dependent
variables to take a different functional form.
The new dependent variables are numerically
identical to the original physical amplitudes at
equivalent points in space and time in the two
coordinate systems.

The requirements of spatial rezoning will be
satisfied by simultanecusly selecting a coordi-
nate transformation (from the original coordi-
nates p and n to new coordinates £ and 2) and
an appropriate phase and amplitude trans-
formation. The chosen transformation will
share the analytical properties of an ideal
Gaussian beam propagating in a vacuum.
Using Kogelnik and Li's notation (75], the
Gaussian solution of the f{ree-space ( =0)
equation

2 9 e + v.zrpe =0 (50)

is well known and may be written as:

e(p.n.t) = a(n,t) lexpl¥(n, 1)

2 1 ik Do

P (T = )] (51)
a“(n,t) 2R(n.v)

where
#(n.1) = arctan(n/ka2) (52)
a(n,T) = a; sec ¥ (53)

and
R(n.t) = n cosec (54)

The parameter a is the measure of the trans-
verse scale, an

ag = a(0, ) (s5)

is the width of the initial intensity distribu-
tion. The parameter "a" shrinks or expands
as the bheam converges or diverges from the
focus. It is logical to require the transverse
mesh to vary as a varies. Therefore, the
variable

£ = p/a(n, 1) (56)

is introduced. It is displayed in Figures (2la)
and (21b). To reiterate, it is well known that
a linear stability analysis of the numerical
discretization of the propagation equation
imposes a pertinent condition relating two
spatial meshes Ap and Ap. This stability
condition must be satisfied so that the numeri-
cal solution asymptotically approaches the
analytical solution of the linearized pardal-
differential equation. More specifically, stabil-
ity and convergence are assured if the ratio

[M/(Ap)zl is appropriately dafined and kept
constant throughout the calculation.

For this purpose it is necessary to introduce a
new axial variable 2z so that this parameter
automatically remains constant as p varies.
This should increase the density of n planes
around the focus of the lagser field where the
irradiance sharply increases in magnitude
causing a more extensive and severe field-
material interaction to occur. The above is
accomplished by introducing

22y 7

and using a constant Az. This transformation
has the effect” of making the extent of real
space related to the size of the vacuum beam.
It may be worthwhile to recognize that

[Az/(&EZ] 1 is just the Fresnel number asso-
ciated with a range Az with respect to the
aperture of radius Af.

In terms of ¢ and 2 the field equation
now appears as

1 2 =i -
3—2?5 {2i Bze 2i§(tanz)a£e¢v‘.i.ge] ic, (58)
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» where =Y is a constant. ghfe new axial coordinate z is defined, as
; efore, as
) it is imperative to remove these rapid oscilla- 2
;\‘ tions that would necessitate very fine mesh z-arcun(q/kao); (61)
A samplings in the tx-ansvox-sel dlroctig:\. l-‘ola-b tlhe 2
Wy field and polarization envelopes, the variables
g B and S are defined as: and 3qz=(1/ka ). (62)
.t
- e -1 B 2 - Previously, the center of the transformation
{p} = [ag cos z]{glexp(+ §' tan z - 2] (39) where the radial mesh points were most tightly
lr.,t:ljndv:reﬂdl‘ wals at th: f:hcus (z = nd=tg). Now
N s no longer be the case, an e trans-
"iz :::e g‘::ﬁ":‘;of&a“ T‘l:‘ed n:l:p?itellxgethmtl:?s‘ formation will be defined in terms of an auxil-
N the form: r . iary axial variable z; as a function of z, which
‘-::' is calculated adap&vely in a way that lreﬂects
- . 2 Y and compensates the changing physical situa-
- /a2 Ha azs’vz'rga’(z €8] = Ie,§ (60 tion.b For the mome&t,thﬁe relationship zg(z)
_— will be defined later section.
A B and S vary more slowly in their functional
values than their predecessors allowing the The radial coordinate § is then defined simi-
L numerical procedure to march the solution larly as
. forward in a more economical fashion by using
larger meshes. They are numerically treated ¢ = p/ag(ze) (63)
. in an almost identical fashion to e and ([170].
However, for strongly rlx;nlinear mfidh' those a with an auxiliary axial coordinate zg different
— priori changes in the basic equations are not . . .
A d sufficient. A more sophisticated approach is from z. fgzz)sm:;gﬁyld r egsons, ;;nissu;:qufxred
AR needed. The desired method should automati- that (az¢ e a rom
N cally adjust the coordinate system in compli- zg 2 § (64). This leads to:
” ance with the local wavefront surfaces and
- actual beam features. a,(2,) = a,,/cos 2 (63)
P g% 7 fog/ %
dn = kag [tan(z+dz)-tan 2] (66)
XIV. ADAPTIVE REZONING 2
= kao£ [un(zgfdzg)-tan zE] (67)
5D The concepts of the previous section may be
>, generalized by repeating the simple coordinate which gives:
e and analytical function transformations along
;-‘:_, the direction of propagation at each integration 2. 2
LY step. Figure (22a) and Figure (22b) illustrate 3_2, 2a"/a (68)
I this self-adjusted mapping in both planar and z % 13
isometric graphs. The resolution of the compu- and also leads to an expression for "dz,":
' tational grid is thereby defined according to 13
2 the actual requirements of the physical prob- 2 2
53 lem. tan(dz,) = a“tan(dz)/{a
25 13 3
v The feasibility of such automatic rezoning has + tan(dz)[aztan zZ, - az tan 2]} (69)
- been demonstrated, without requiring any 3 3
- guesswork, by Hermann and Bradley in their This enables one to find appropriate values for
: CW analysis of thermal blooming [60] and by 2 / 2 a, is then defined by writing:
; ?_?]retﬁ in supersonic flow calculations [51, 52, a ag' 3
A ' a,(2,+dz,) = a,,/co8(2, + dz
O }n particular, the change of reference wave- 877 0¢ £ ) (70)
. R ront technique consists of tracking the actual . ; .
beam features and then readjusting the coordi- I“l ?is adaptxv; rezoning scheme, the physical
o nate system. An adaptation of Hermann and solution near the current z plane is described
..::_. Bradley's technique to a cylindrical geometry better by a Gaussian beam of neck radius ago
b o3 is presented herein. whose focal point i; a distance z away than by
an initially assumed Gaussian beam with para-
The utrar:;verse mesh is forced to follow more meters a, and 2. With this transformadog the
. exactly the actual expansion or contraction of . . )
Lo the beam. The reference phase front is altered field equation (50) in terms of z and { becomes
- at each integration step (and for every instant 2 ., 2
of time) in the propagation direction, hence 2iag_e + A [V{: e-2iftanz(3,e)] = ic, a,” (71)
8- coinciding more precisely with the physical z a; £ £ 178
B wavefront at that point; moreover, by locally
.. referring the wavefront to a new focal point To remove the unwanted osciilations, new de-
one has smailer phase changes with which to pendent variables 8 and S are introduced by
e contend. e = GB and = GS where
*
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G= a'é expi+ 4 &2 tan 2 - izl (12)

all the values at the end of the previnus
interval (n plane) are indicated with a sub-
script p. The electric field e is given in the
old representation as e = G B _, and in the

new representation as e = GB; where Gp is
dependent on z£ and G on 2. and B is given
by P

B, = B exp (+i(at® + ptH) (73)

The best match is obtained by requiring that
¢(B), the phase of B, should vary radially as
little as possible.

o(b) = O(Bp) + ¢(Gp) - (G
= 2 4 2 _
(@ + pE" +...) + ((1/2)¢ tanzgp zgp)
- (/22 tanz; - z,) (74)
where a is the curvature.

a and B are determined in an appropriate
manner from B_ so that a new variable B has

no curvature. It is clear that the new value
of z, at the present new plane under consider-

ation is derived from the old value by

zg = arctan(2a + tan zgp) (7%

with the new neck radius ao£
ao£ = a; cos zg (76)

The equation for B is then:

2
2i3,8 + ig (2B + (2-£%)B) = ic,a%s (71

By using this final differential equation, signi-
ficant improvements in numerical computational
cases have been achieved: i.e., this new
equation varies less in its functional values
than does the original one.

The instantaneous local parameters a and B of
the quadratic wave front are determined by
fitting the calculated ¢(%) of Bp to a quartc

in &: a reasonable approach is that the inten-
sity weighted square of the phase gradient

5 8 213, cat?pt ey et = mintmum  (78)

where ¢ is the phase of the field variable
B = A exp (-iv) (79]. The minimization of
with ghassonataglent is weighted by the beam

et e

B985t a2 simple structure for the
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., Such as B o’ that would otherwise
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M, = 5162 B 2y gat;
My = siet B % gae
M, = i B 2y gde;
vy = 1082 gagm ea
pesteldame @0
using the relation
B2,¥ = -Im(B"3,B) (81)

by taking partial derivatives with respect to
the a's and B's, one obtains

*
v = -Imf{B'3, BE} {dt,
=
v, = -Imf(B 3, 3% gag,
a= -(szz - M3yl)/E, and
B = (MIYZ - MzYl)/ZE.
where  E = 2(M5 - MM,). (82)
The distinctive advantage of these stretching
and adjustable rezoning techniques stems, as
suggested by Moretti, from the fact that they
automatically define the mapping and all related

derivatives analytically (that is, exactly) as it
is determined by the calculation itself.

Xv. NON-GAUSSIAN REFERENCE BEAMS

The phase transformation was readily general-
ized by Breaux {64] to be as convenient as
possible. Consequently one is not restricted
to a Gaussian beam as a reference. The
transformations utilized for adaptative coordi-
nates and phase removal become:

p = p/a(2) (83)
e=B G=[B/a(z)]exp{(1/2)B0%{(33/22)/a(2)}] (84)
N 2.-1
z = [ (Ba®) “dn (85)
%

the application of these transformations to the
free space wave equation results in:

A4 %5 * VZTB +g(p,2) B =0 (86)
where
: 2
g(p.,2) = -Bz pz (a3 a"a ) &7
222
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appear in the transformed equation have been
eliminated by this particular choice of varia-
bles. These specific transformations are a
simple generalization of the transformation
designed by Hermann and Bradley [60].

Furthermore, for strongly self-lensing beams,
it appears that the relation

a(z) = [(-2)° + (Nz/g)?)1/2 (50

has all the prerequisite characteristics neces-
sary for the treatment of a self-expanding
beam. In particular, this form is similar to
the z-dependent beam waist for a focused
Gaussian beam. However, {ts scale expands N
times larger than that of an ordinary Gaussian
beam. The equation relating n and z becomes

1

2z = N™" arctan{Nn/g(1-n)] (88)
and

g tan 2/(N + B tan 2) (89)

-3
"

XVI. NUMERICAL RESULTS

In this section we outline some basic results,
which have been obtained with and without the
use of rezoning and stretching, and which il-
lustrate why the more sophisticated techniques
required less computational efforts.

The first part of this investigation which dealt
with absorbing material has led to the discov-
ery of interesting new physical phenomena
which promises to have significant applications
to proposed optical communications systems. [t
had been shown that spontaneous focusing can
occur in the absence of lenses, and that the
focusing can be controllead by varying the
medium parameters.The second part of this
analysis dealt with amplifiers.

A. Pertinent Parameters

Since the Fresnel number F~! associated with a
characteristic length, the "area" of the input
pulse on axis, the relaxation times and the
off-line center frequency shift are the perti-
nent parameters describing the temporal and
transverse evolution of these coherent pulses
in the absorbing media, we have studied the
dependence of the propagation characteristics
on these parameters. In particular, the depen-
dence of the location of the focusing in absor-
bers and the sharpness of its threshoid, as
well as the appearance of the muitiple foci
on-axis along the direction of propagation, are
dependent on the specific choice of the follow-
ing characteristics:

(1) The reciprocal of the Fresnel number
associated with a characteristic absorbing
length through its different constituents:

(i) The temporal length of the pulse tp;

(if) The spatial beam width of the (per-
fectly smooth) Gaussian provile Po

(to avoid any additional diffraction
from the edge as well as possible
small ripples that could cause beam
distortion and small-scale self-
focusing);

(iii) The absorbing length per unit time

(a')'1 that enters the gain of the
active medium;

(iv) The carrier wave length A.

(2) The material relaxation times Yy and «t.,
(the effect of atomic memory). <

(3) The carrier frequency offset aQ.

(4) The input on-axis (time integrated field
amplitude) area.

Furthermore, prior to the experiment in sodium
[119]), a family of calculations was made to
verify that the coherent self-focusing predict-
ed for a sharp line would remain in a broad-
line atomic system.

In furtherance to this study, the transmission
characteristics in pre-excited media was anal-
yzed by varying the previously cited parame-
ters. The effect of the boundary condition
was carefully investigated.

The computed pulse-breakup on axis agrees
with laboratory observations carried out on
high power laser chains for fusion [153, 154,
133) .

B. Scaling

In order to facilitate the interpretation of our
numerical resuits, we have considered a class
of problems n which the input field has a
given functional variation in time, t, and
transverse coordinate, p, namely a Gaussian in
each variable with the additional input condi-

tion T dr e(p=0, n=0, t) = 2n, i.e., a 21
-0

pulse on axis. Once one specifies the relaxa-
tion times, the resonance frequency offset and
the pulse area on axis, the factor F becomes
the sole parameter distinguishing one family of
physical situations from another. Since the
mathematical expression in normalized coordi-
nates p, n and t for all input fields character-
izing different situations is the same, this
gives us the ability to interpret the numerical
results with some flexibility.

By studying the numericali resuits, one can
identify several physical effects which seem to
play important roles in the evolution of the
focusing process by affecting the relative
motion (among adjacent pencils) and the trans-
verse energy flow. Some of these effects have
been separately studied by others, e.g.,
adiabatic following {33}, strong seif-phase
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modulation (6,25], spectral broadening (25]
and self-steepening ([27), but in our problem
they combine to affect the behavior during
different parts of the pulse evolution, both in
space and time.

C. Choice of Parameters

Finally, since the imaginary part of the elec-
tric field grows in proportion to the product of
the diffraction term and the factor F (as
outlined by the perturbation approach), it
follows that the sign of this quantity and its
value changes as the pulse propagates in the
resonant medium. Eventually, this forces a
curvature in the wave-front of the electric
field to occur. The latter is the mechanism
that induces transverse energy flow that
underlines the self-focusing phenomenon in
absorbers and the beam degradation in ampli-
fier. The coherent self-action processes may
be repeated at other sites as the pulse contin-
ues to propagate and interact further.

By changing the parameters constituting F,
one alters the growth and development of the
field phase. For example, reducing F will
tend to retard the threshold of the focusing
phenomenon in absorbers while increasing it
will stimulate the focusing sooner and strength-
en it. These remarks are not intended to
imply that the physical mechanisms are simple
and well-defined. The effect of this particular
variation in F is a rather complicated matter.
The competition between refraction (through
the inertial response of the resonant absor-
ber), and normal near-field diffraction (as in
free-space) results in a transverse energy
flow. The latter may lead to self-focusing or
self-expansion. This means that for a limited
useful range of F, the resonant absorber acts
as a nonlinear converging lens; whereas, the
pre-excited medium, by effectively behaving as
a diverging lens, limits the useful output of
the incoming laser beam. Each of these three
mechanisms (near-field diffraction, refraction
and nonlinear absorption) will strongly affect
the relative motion among the different adja-
cent pencils.

while it may be useful to consider each of
these three physical processes as independent
units. Each mechanism plays an overlapping
role in the overall physical picture. Hence,
the precise dependence of the focusing behav-
ior on a particular physical parameter such as
tp, Pge A Tl, Tz, a', aw and on the input

area is difficult to predict beforehand with any
elementary system. For example, let us at-
tempt to predict the influence of a decrease in
the puise duration t_, (i.e., an increase in F)

on the self-focusing. [f the interaction bet-
ween adjacent pencils is ignored, one may
arrive at the erroneous conclusion that adja-
cent pencils fall out of step faster for nar-
rower pulses than for broader ones. I[n real-
ity, for short pulses the exchange of energy
is very fast, so that the relative time delays

between adjacent radii is greatly reduced.
The pencils tend to move together and the
resuiting interaction grows weaker. A reduc-
tion in t_ translates into a broadening of the

pulse frequency spectrum. This will make the
resonant propagation locok more like the free-
space solutizc; since the interaction is substan-
tially reduced. For exceptionally short pulses,
the question of the validity of the slowly
varying envelope approximation arises [23-25].

D. Sample Cases
(i) ABSORBERS

(1) One-dimension effects in Absorbers

In our discussion of absorbers, we first
consider the case of one-dimensonal pulse
propagation with the pulse duration much
shorter than both Tl and Tz. Analytic dis-

tortionless solutions of the material-field equa-
tions are known [9] of the form

J"ng:t—z-sech[t—'?/—vll (90)
P P

(equivalently e = 2 sech(t)) where v is the
pulse velocity given in terms of the pulse
length tp by

l_n
VTt %t p 8L

This is the 2n pulse:

Jdr [( g:e'tp] =fdte=2r 92)

In Figure (23) we present the results of
numerical integration of the one-dimensional
field equation for the case that the input pulse
is a Gaussian in time of input area 2.

Figures (23a) through (23d) show the pulse
reshaping. As defined earlier in Section III,
the symbol stands for the time counted from
the instant when a signal traveling at the
speed of light in the medium reaches the point
2, normalized to the pulse length tp thus

_ n
T=(t- z z)/rp (93)

The units of t_ are nanoseconds. After 300

cm the puise shape closely matches the sech
form. From the measured width after 300 cm
the analytic expression for the pulse velocity
is (v/c) = 0.7. In Figure (23e), we have

plotted the integrated intensity (Energy/cm™ =

»
J dt e ®), pulse area, and time delay of the
peak all against the propagation distance z.
The time delay is the difference between the
local and input plane values of ' at the peak of
the pulse. This quantity measures the velo-
city of the peak reiative to the speed of light.

oo o
a s ‘s g %
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where At is the time delay accumulated in the
interval An. We note that the pulse area
remains at the input value 2rn and the pulse
energy decreases linearly with distance as the
puise reshapes from Gaussian toward sech.
This decrease is associated with the non-
vanishing (but smail) value of (1/'1‘1). The

pulse peak moves more slowly than the speed
of light. After 300 cm, the numerical pulse
velocity is 0.7 times the speed of light. This
corresponds to the speed of sech pulse of the
same width.

(2) Three-dimension effects in Absorbers

We present the results for a typical calculation
of a 2x pulse area on-axis. The temporal and
transverse variations of the electric field are
Gaussian. The choosen parameters were

consistent with: F 3 1.52 « 10'3, (A °=
-3 = 1/20cm °, = lcm; a0 = 0.0;
ig =Ty; T;fg 20 and t§ = 5.

The effect of coherent self-focusing is illustra-
ted in Figure (24). The time integrated pulse
'energy' per unit area is plotted for various
values of the transverse coordinate, as a
function of the propagation distance. Two
orientations are shown to display the energy
redistribution as the laser beam is transmitted
in the nonlinear resonant absorber. The
necessity of non-uniform mesh is quite evi-
dent. At the input plane, on the left of the
figure, the profile is Gaussian. After a re-
shaping period, durimg which the relative
retardation of adjacent pencils leads to the
development of a curvature of the phase front,
strong focusing occurs which leads to substan-
tial magnifications of the on-axis energy per
unit area. There appears to be a rapid atten-
uation of the total field energy after the focal
plane is passed. Most of this attenuation is
due to substantial pure diffraction spreading
of the narrowed beam while some is due to the
temporal retardation in the peak of the pulse
associatee with the coherent interaction. For
later distances, not all of the pulse energy (or
pulse area) fails within the time interval in the
co-moving frame over which the numerical
integration was performed:; (aiternatively ex-
pressed, the tail of the pulse could escape
from the temporal window).

Furthermore, with uniform radial nodes the
transverse sampling was not as good in the
focal region as it is in the input plane. The
calculation was repeated with twice as many
transverse sampling points (58 instead of 29)
and obtained consistent resuits. When rezon-
ing was implemented only 32 points were suffi-
cient to adequately sample the rapid variations
associated with the seif-lensing phenomena.

fFigure (25) gives the pulse charac:eristics as
a function of the propagation distance: the

N G L R

on-axis time-integrated 'energy' per unit area,
the total field energy (integrated over the
beam cross-section), and a quantity that
characterizes the beam cross-section. This
quantity Peff is the ratio of the total field

energy to the on-axis field energy per unit
area:

r L 2
f™dppf e(p.n, 1) “dt
-3
o«

/ e(p,n,T) 2 4y

-

Peff = (95)

Here r defines the extent of the region over

which the numerical solution is to be deter-
mined.

This graph represents the most striking des-
cription of coherent self-focusing since the
contraction of the beam produces a consider-
ably amplified field intensity on-axis of the
focal region and its immediate vicinity.

It is noteworthy that the total field energy per
transverse plane is a smooth decaying function
of the propagation distance in the resonant
absorber. This is in agreement with the
physics of the problem even in the presence of
strong magnification on-axis and provides
additional confidence in the computation.

Figure (26) contrasts the transverse distribu-
tion of the time integrated energy per unit
area at the focal plane with the one at. the
input piane to illustrate the coherent narrow-
ing of the beam. The development of self-
focusing is clearly evident.

The three-dimensional numerical calculations
[39,40] substantiate the physical picture based
on time changes in the phase. In Figure (27)
the field amplitude is plotted versus the retard-
ed time for three stages of the propagation
process: (a) the reshaping region; (b) the
build-up region; and (c) the focal region.
The transverse energy current is plotted
versus the retarded time for the same three
distances in Figure (27d). (27e) and (27f).
In each case the plots are given for several
values of the transverse coordinate p. Posi-
tive values of the transverse energy flow
correspond to outward flow and negative
values correspond to inward flow. Figure (27)
clearly illustrates the following features of the
seif-focusing. In the earliest stages of the
propagation (Figures (27) and (28)) the near
axis energy current is outward for most of the
puise time, but becomes inward (self-focusing)
toward the rear (t~2.4). For this value of t
the field amplitude (Figure (2%)) is already
past its peak and has a small value. As we
proceed bevond the reshaping region (Figures
(29b) and (29e)), the near axis peak amplitude
moves back in time (corresponding to the fact
that the group wvelocity is less than c¢/n) while
the temporal location of the change trom focus-
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ing to defocusing energy flow remains the
same. This leads to a large increase in the
value of the transverse energy. In Figures
(29¢) and (29f) (in the focal plane) the peak
amplitude occurs at t = 2.4.

In graphs (a), (b) and (c¢) in Figure (27) and
Figure (28) the profile of the field amplitude is

plotted for several instants of time in the-

leading part of the pulse or in the lagging
parts of the pulses respectively, for the same
three stages of the propagation process. In
the plots of Figure (28a), (28b), (28c) one
can notice the distinct deviation of the profile
from the input Gaussian shape. The beam
splits into more than one lobe, indicating the
different concentration of energy in more than
one ring around the axis outwardly due to
diffraction. The quantitative agreement of the
hole formation and in filling up (see Figure
(29)) with the simplified physical picture
predictions presented earlier is evident.
Grapha (d), (e) and (f) of Figure (29) and in
Figure (29) display the transverse energy
current for earlier and later instants of time,
respectively, at the main stages of the propa-
gation process. In the earlier stage of propa-
gation, the energy current flows outwardly
(see Graph (d) of Figures (27), (28), (29)
according to traditional diffraction spreading
(Figure (l1la)). Once a sufficient relative
motion between neighboring pencils arises, a
burn in the profile appears. By diffraction
radial energy flows in both directions, out-
wards and inwards. Consequently, part of the
beam experiences self-focusing whereas another
part shows self-defocusing. More specifically,
diffraction (from the tail of the pulse in the
wings of the beam), into the forward central
region, still in an amplifying mode, results in
a continuous boost of the inward flow of ener-
gy. This interaction with those atoms which
were excited by the preceding pulse, that was
closer to the axis, make the inwardly dif-
fracting light experiences a net amplification.
Moreover, this boosting phenomenon continues
as energy flows more towards the axis; it
leads to a positive contribution to the center
of the beam. This means that the leading
portion of the pulse in the rim of the beam in
an initially ground-state medium sees an ab-
sorber and thus experiences net absorption (as
shown in Figure (12a) and Figure (12b)).
Because of this always-present interaction with
population-inverted atoms, the amount arriving
at the axis is sigmﬂcantly much higher than it
would be if the remaining medium was linear.
This energy intensification on axis is the new
coherent seif-focusing phenomenon. Immed-
iately after the focal plane, both inward and
outward transverse energy flow occur within
the same pulse at different slices of time, the
outward occurs in the leading portion resulting
from the diffraction of the focused beam while
the inward flow occurs and prepares the
second (but weaker) focusing.

This intuitive physical picture is clearly rein-
forced by the projection graphs illustrating the
rigorous three-dimensionai caiculation.

This same pattern of pulse compression and
beam narrowing was clearly observed in the
first experiment conducted in Na, illustrating
SIT-SF with transverse energy flow. The
drastic changes in spatial and temporal profiles
are shown in Figure (30) for the maximum
off-resonance (a and al) and on-resonance (b
and bl) coherent self-focusing. Figure (31)
displays clearly the observed longitudinal
reshaping. The significant contribution of the
transverse effects in SIT experiments is clear~
ly displayed in Figure (32) where we contrast
the temporal behavior for both uniform-plane
wave SIT and non-uniform SIT.

For additionai clarity, in Figures (33a), (33b),
(33c), (33d) the field energy is isometrically
plotted against the retarded time for various
transverse coordinates at four specific regions
of the propagation process: (A) the reshaping
region where the perturbation treatment holds
(b) the build-up region; (C) the focal region;
and (D) the post-focal region. A rotation of
the isometric energy plots is displayed in
Figure (34a), (34b), (34c) and (34d) versus p
for various instants of time) to emphasize the
radially dependent delay resulting from the
coherent interaction. Graphs (34e), (34f),
(34g) and (34h) describe the same position
illustrated previously. The plots a, b, ¢, d,
of Figure (33) and Figure (34) are contrasted
against their counterplotted isometric represen-
tation of the transverse energy current for the
same four distances. Plots (34e)-(34h), how-
ever, are displayed in Figure (35) in contrast
to the rotated isometric drawings of the energy
current. Positive values of the transverse
energy current correspond to outward flow and
negative values correspond to inward flow.
The results of Figure (33a), (34a) and (33e),
(34e) are in agreement with the physical
picture associated with the analytic perturba-
tion previously discussed in this paper.

The computational grid has to be shaped
around each cross-section (p, t) to optimize
the calculation: Therefore the spatial mapping
which is needed is complicated and must be
continuously changing, (i.e., adapting locally
to the physics). A proper pattern of grids
indicating temporal stretching and spatial
rezoning provides the necessary resolution.

The burn pattern, iso-irradiance level contours
(against t and p) for different propagation
distances are shown in Figure (35). Severe
changes in the beam cross-section are taking
place as a function of the propagating dis-
tance. At the launching front, the beam is
smooth and symmetric; as the beam propagates
into the nonlinear resonant medium the etfect
of the nonlinear inertia takes place: relative
velocities across the beam (for different radii)
arise causing tails to occur in the wings. The
strong pulse propagates faster than the weak
pulse. Consequently, a hole near the axis
appears, but linear diffraction causes the beam
to gradually fill. Due to a boosting mechanism
the inward flowing energy current gets magni-
fied. This is cleariv an initial self-focusing




phenomena followed by a beam expansion. The
temporal shift of the beam gravity illustrates
the delay associated with the coherent ex-
change of energy between the field and active
medium.

(iil) EXPERIMENTAL VERIFICATION

We have studied these processes numerically:
Change in shape, temporal length, spatial
width and amplitude of the input pulse were
considered. Pulse development, when the
inhomogeneous broadening Y the character-

istic length a;%f and the frequency offset an

are varied, was observed. We have compiled
universal output curves illustrating the ex-
pected output from the absorber as one modi-
fles the characteristics of the input field and
the active media [42,43].

As an example, from Figure (36), we predict
the observation of coherent self-focusing (an
on-axis magnification of axial energy per unit
area of 10) when the F parameter has the

value 0.4 x 1072, The distance to the focal
plane will then be 10(a§1’f) '

Until quite recently, the work whose physical
parameters most closely match the situation in
our computations was the experiment of Gibbs
and Slusher (9]. Unfortunately, the length of
their cell and tha range of operating pressures
were such that the focal distance exceeded
their effective ceil length.

More recently, the SIT near-resonance SF and
defocusing was first observed by Gibbs and
Bolger at Philips Laboratory ([119] in inhomo-
geneously broadened Na. An increase in
energy per unit area (fluency) at the center
of the beam was used as definition of focusing
as shown in Figure (32). The experimental
dependence of coherent transient SF upon
absorption and magnetic detuning in Na is
shown in Figure (38); CW light has no tran-
sient SF and focuses for aw < 0 and defocuses
for aw < 0 (Figure (37), curve ¢) (122]. For
2-ns puises and oL > 3, slight SF occurs
peaked on-resonance (Figure (37), curve a).
At higher absorption the maximum SF occurs
for aw > 0 but SF is still seen on resonance
(Figure (37), curve a-d). Only for very high
absorption (aL ~ 20) is there no magnification
on resonance (Figure (37), curves e and f);
presumably absorption destroys the puise after
it passes its focus. The observation of focusing

on _resonance for coherent pulses and nct for

CW light cleariy illustrates that coherent tran-
sient sell-focusing is diiferent irom previous

sell-focusing [123,125]. This conerent contri-
ution een disregarded in the past in the
analysis of High Power Laser. This Na obser-
vation has shown that the disregard of this
inertial term is not justified in a system within
which the pulse length is comparable with the
inverse linewidth. This dependency on the

frequency mismatch agrees perfectly with the
trend predicted theoreticaily.
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The experimental F value of 1072 corresponds
to a Fresnel number of about 3, i.e., strong
enough diffraction to provide radial communica-
tions, but weak enough that the induced
nonlinear self-lensing effect overcomes the
spreading associated with diffraction. Numer-
ical simulations predict, for sharp-line atomic
systems, maximum magnification of almost 10

for F = 4 x 10 and oL ~ 18 ( ~ 4). Al
self-focusing calculatons were done in sharp
line. Experiments deal only with essential
broad-line. To predict whether or not the
experiment will work, it would be necessary to
repeat all the calculations with a broad line
system, which is a very expensive proposition,
since it involves an additional dimension.
Therefore, a sufficient number of broad line
simulations were done, from which was derived
a calibration curve to correlate the essential
features of both families of calculations.
Based on this curve, the main feature of is
effective absorption, we can deduce the pro-
perties of selffocusing in broad line. In
particular, if one adjusts the absorption in the
numerical simulation for sharp line two-level
atomic systems, in such a manner that it is
equal to the effective absorption that one gets
in the broad line case (which is the situation
of most of the experiments), one would find
that on-resonance coherent SF does indeed
occur at an oL of 7.5 with a magnification of
about 2.45. This is an astonishingly good
qualitative and guantitative agreement between
theory and the Na experiments for the ob-

served magnification of oL = 10 and F = 1072,

Attempts to observe on-resonance magnifica-
tions greater than 2 with large-diameter beams
resuited in hot spots in the output even for
aL > 15. These probably result from focusing

of smaller diameter regions with F ~ 1072
initiated by input phase and intensity varia-
tions (small ripples) differing from the theoret-
ically assumed perfect Gaussian input. Conse-
quently, SIT self-focusing is unavoidably
important in the propagation of coherent opti-
cal pulses through thick absorbers (aL > 15)
even when large-diameter beams (large ) are
used on resonance.

The second experiment was conducted in
Heidelberg by Toschek [120] et al. They
investigated the propagation of linearly polar-
ized 1.15 pm light pulses in an absorbing
inhomogeneously broadened quasi-non-
degenerate neon discharge (oL < 9) and ob-
served both SIT and SF. The transmission
T(or magnification) is determined by graphic
integration of about forty superimposed pulses.
Particular care is taken to produce a perfect
Gaussian beam with less than 3% wvariation of
diameter along the absorber (as shown in
Figure (38)) to avoid small-scale seif-focusing
{121,126]. Comparison with numerical simuia-
tons of uniform-plane-wave Maxwell-
Schridinger equations with ’1‘1 = 3] ns and

= 10 ns calibrates the squared pulse area

8%, in agreement with power measurements.
Data and simulations are compared in Figure
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(39). For t_ = 3 ns, experimental T's slightly
exceed thoseP from uniform-plane-wave theory;
for 1-ns pulses the discrepancy is even larger.
This increase in SF with increased ‘Bé/tp

agrees perfectly with the three-dimensional
calculations [128] and emphasizes the coherent
nature of the effect. The shorter the pulse

length tr_ compared to

P the relaxation times T1
and TZ' the stronger the SIT-SF will be.
Magnifications up to 40% and more recently up
to 60% [129] were seen (see Figure (40)).
Note that the experimental transmissions in-
crease and the uniform plane-wave simulations
decrease with increasing aL.

Data and theory agree that coherent SF can be
as large on resonance as off; on-resonance SF
can occur, for a wide range of input areas
above n, SF is most effective with the relaxa~
tion times are long compared to the pulse
length. There is no doubt that the recently
experimentally observed SF [122,127) is the
new mechanism recently predicted numerically.
Coherent transient SF may explain previously
not understood observed transverse effects.

Perhaps the reason this effect has not been
seen clearly before and hence received due at-
tention, is that it becomes significant only af-
ter the reshaping region, i.e., ueffz <5, on

which most SIT experiments have concentrated.
Much higher absorption (“effz ~ 25) was used

by McCall and Hahn [8] in the first SIT exper-
iment; they reported bright spots in the autput
(also seen in the Na experiment for large input
diameters) which they attributed to transverse
instabilities. The experiment of Zembrod and
Gruhl [22] was characterized by "effz ~ 11 and

F~10"2 o self-focusing should be beginning;
their Figure lc has an output about 14% higher
than the input and most of their data have
higher transmissions than that expected by
uniform plane-wave simulations. Rhodes and
Szoke [28] also reported transverse effects
seen in SE‘6 for ageet ~ 20 which may have

resulted once again from self-focusing.

Further experimental and theoretical studies of
coherent self-focusing could thus clarify the
best procedures for maintaining near-uniform
wavefronts in thick absorbers.

ii) AMPLIFIERS
1) Background

The main difficulties encountered in high
power laser construction are due to small scale
and whole beam self-focusing. To achieve
fusion one needs a perfect uniformity of target
illumination (126]. This requirement is so
critical that even the slightest phase variation
must be avoided. Thus, the major design
problem challenge could be summarized as
follows: how to keep the shape together while
minimizing the small-scale self-focusing? Any
phase gradient would iead to an energy redis-
tribution and self-lensing phenomenon which
ire detrimental to optimum target illumination.

This could be expressed in an another manner:
how to keep the fill factor high without gener-
ating diffraction fringes at the edges. Thus,
one would want to determine the effects of
nonlinear propagation on the spatial and tem-
poral profile of the output, (to be focused on
target), laser beam.

To minimize a crucial loss of focusable output
power, various experimental strategies have
been implemented. The use of spatial filtering
allows control of the growth of phase variation
[131, 132, 153, 154]. More specifically, long
path spatial filtering [120], pinhole spatial
filtering (123] and, more recently, apodisation
[131), and optical imaging relay [131] seem to
be the key schemes in maintaining as smooth a
beam shape as possible. The performance of
present and committed laser systems can be
greatly improved by compensating for [132]
any departure from the desired equi-phase
uniform plane wavefronts. Furthermore, the
development of new types of material, such as
phosphate glass [132], have helped in reduc-
ing the nonlinear properties which are respon-
sible for damaging the light beam. If the
beam is not perfectly smooth initially, the
fluctuation amplitudes may oscillate, decay or
grow exponentially with spatial and temporal
rates determined by the nonlinearities and the
nature of the initial fluctuations. Further-
more, fluctuations may lead to further seif-
action phenomena before the beam collapses as
a whole. It is this type of theoretical analysis
(that was performed initially by Bespalov and
Talanov [134-136], and later by Suydam ({137-
139) and others {[140,155], which has gained
importance in studies of high power laser
performance. To reach definite answers such
as the location of self-focusing filaments for a
fluctuation of given amplitude, one has to treat
the nonlinear growth more accurately than this
linearized analysis. The latter was generalized
into several possibilities: First, by consider-
ing nonsinusocidal transverse fluctuation pro-
files, Suydam ([137] has proven that any
eigenfunction of the transverse Laplacian such
as a Bessel function, can be a solution.
Clearly, such solutions form a compiete set.
These are referred to as normal modes of the
perturbation. Thus, any linear combination
will constitute a solution. Among these modes,
certain ones are unstable and grow exponent-
jally. However, beyond certain characteristic
growth lengths, the most rapidly growing mode
will outstrip the others and ultimately be the
only significant one [137]. Recently, a useful
physical picture of small-scale self-focusing,
based on the idea of interference between a
strong background and a weak wave launched
at an angle, was presented by Trenholme in
his reviews of the state of the art [144].
The degree of nonlinear phase accumulaticn
(B: Dbreak-up integral) determines the useful
output power. Further investigations (a) have
extended the theories to handle any polariza-
tion state [141] in the background beam; and
(b) allowed the inclusion of additional effects
such as linear gain [133], saturable gain
(142], or stimulated Brillouin or Raman scatter-
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ing [143]. More recently, using Viasov at al's
moment theory [155], Suydam (139] intuitvely
extended the plane-wave theory for small-scale
self-focusing to describe finite-apertured
beams that can initlally converge or diverge.

The two types of self-focusing are not mu-
tually exclusive [145]; they can be complemen-
tary. None of these theories are complete.
Remarkably enough, experimental observations
by Campillo et al [149-151] confirm the sound-
ness of Suydam's work. Suydam realized the
interplay of both whole-beam nonlinear lensing
and smali-scale self-focusing (137]. He con-
cluded, however, his analysis by pointing out
that since temporal effects were not included,
it was impassible to quantitatively predict beam
degradatdon. Independently, Fleck has devel-
oped a cw numerical code, which treatad
simultaneously small-scale and whole-beam
self-focusing, that he used to study trans-
verse variations in the beam evolution of
Cyclops [154]. Combining Suydam's elegant
generalization of Bespalov and Talanov's linear
stability to Frantz-Nodvik's [147] flux satura-
tion equation, Elliot [147,148] provides another
refinement description of uniform pulse-wave
small-scale self-focusing. We Dbelieve it would
be advantageous to combine Elliot's work with
Suydam's most recent analysis of finite effects.

Since the extent of this profile distortion
varies with time, as the pulse intensity rises
and falls on each shot, complications occur
when pulses are used. The temporal distortion
is hence produced beam filaments which grow
in intensity at the expense of the main beam;
the main beam gets depleted by the scattering
process which transfers most of the energy to
filaments. Therefore, some energy may be lost
compietely from the beam, and get absorbed
nonlinearly. Present theoretical efforts are
unable to predict and estimate the beam quality
degradation as observed by experimentalists at
Livermore (Bliss et al {41]) and at Rochester
by (Soures et al ]43]). Figures (41) and
Figure (42) represent an example of the severe
temporal distortdon which can be caused by
nonlinear propagation. One reaches the un-
avoidable conclusion that beam breakup in
laser systems containing optically thick non-
linear material can lead to a severe reduction
in the fracton of the output which can be
usefully focused.

in some extreme cases of advanced stages of
self-focusing, essentiaily all of the power can
be scattered out of the primary beam and
become unfocusable for a fusion-size target.
Furthermore, since the nonlinear propagation
of instabilities causes growth of small-scale
amplitude perturbations which reduces the
focusing properties of such beams, rigorous
computer calculations with reai-life parameters
are necessary. Quantitative analytic predic-
tions are too complicated to be easily charac-
terized in detail. Much of this complexity
arises from the fact that sources for dust
particles, small damage sites and various
material imperfections. Now that Suydam has

commendably recognized the relevance of
interplay of small-scale and whole beam self-
focusing, it is logical as recently summarized
by Brown [146] to address the temporal depen-
dence of active medium with inertial memory on
the beam evolution. This analysis can be done
first separately and then as an addition to
previous analysis a la Suydam [139] and 4 la
Fleck [154]. One ought to expect that (since
the modulation of the beam profile grows
exponentially with intensity and the loss from
the focal spot increases nonlinearly with modu-
latdon depth), the fraction lost from the tem-
poral and spatial peak of the pulse is consider-
ably larger than the average cver the whole
pulse. In other words, severe temporal or
spatial distortion could occur as a result of
preferentially depleting the high intensity
parts of the pulse, thus, when coherent tran-
sient effects are additionally present, self-
action phenomena arise at distances less than
those predicted by either theory considered
separately {119, 120].

2) One dimension effects in Amplifiers

We present the one-dimensional propagation
data and summaries then the contrasting three-
dimensional calculations for the same parame-
ters. Like the absorber, observations relevant
to the theory of self-action will be noted. The
numerical solutions are presented and dis-
cussed for the three-situations where the
on-axis ray has area n, 2n and 3rn.

Figure (43) shows the one-dimensional propa-
gation in amplifying medium of a puise whose
input area is n. The relaxation times 'I‘2 and

'rl are ten and twenty times the FWHM tp (4

nsec) Gaussian shaped input field. After five
linear amplifying lengths (1/1:eff = 40 cm),

several characteristic features are apparent.
+»

The pulses "real area"” [ e(t,z2)dt remains at
»

2r even though the energy is increasing. The
electric fleld envelope is real but can become
negative. The "absolute area" (replace e by

e ), which is always the area referred to in
the figures, does increase with distance z as
does the energy. The development of the
second pulse is the result of leaving the
medium in a partally amplifying state after
most of the pulse has past. The tendency is
the same as a ringing linear oscillator circuit.
Introducing a larger damping term 1'1 sup-
presses the phenomenon.

3) Transverse Effects in Amplifiers

The general format for presenting three-
dimensional coherent pulse propagation in
amplifying medium will be the same as part A
for the absorber. We now propose results of
the three-dimensional computation correspond-
ing to the one-dimensional case just discussed.
In Figures (44) and (45) the field energy
amplitude and the transverse energy current
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are displayed as a function of retarded time t
for various small and largeradii. The profile
is plotted for small instants of time in Figure
243) and in large instants of time in Figure
47).

In Figure (48) the field energy and radial
current are displayed isometrically against the
retarded time for various radii at the previous-
ly defined four critical regions of propagation;
their profile is plotted in Figure (49) for
various instants of time. In Figure (50) from
the contour energy level, one sees clearly that
the peak of the pulse is advanced with respect
to a frame moving with the velocity of light.
It is seen that the smaller area propagates
slower than the stronger areas. From the
energy current graphs, one finds out that a
focusing phase is not an exclusive property of
a resonant absorber.

The effect of the radial boundary is illustrated
in Figure (51) to Figure (57). Non-uniform
radial stretching was adopted during the
computation. Projections of the field energy
and the energy current are plotted versus t
for different radii in Figures (51) and (52),
and versus p for small instants of time in
Figure (53) and large instants of time in
Figure (54). The four characteristic regions
of propagation are clearly illustrated in iso-
metric plots in Figure (55) and Figure (56);
whereas Figure (57) displays the contour
energy level.

XVIl. MODIFICATION OF THE BLOCH EQUA-
TION ALGORITHMIC SOLVER

This work is not, as it has appeared, a model
of any restricted specific situation. Rather,
what we have attempted to study is a situation
where coherent interaction leads to strong
deviation from the conditions in plane-wave
propagation. We first dealt with a simplified
model (scalar-wave equation coupled to a
two-level sharp-line atomic system without
degeneracy) where transverse effects will
enhance inhomogeneities, and lead to nonlinear
dispersion and nonlinear absorption. The
significant role of the dynamic transverse
energy flow is expected to play the same
physical role in more realistic situations, where
it might be somehow modified by other effects
but still will not be washed out. Coherent
phenomena are not confined just to the situa-
tion where the pulse duration is much shorter
than the relaxation time: They will also ap-
pear whenever the field is large enough so
that significant exchange of energy between
the light pulse and matter takes place in a
time short compared to a relaxation time.
When this situation is combined with a suffi-
ciently rapid spatial variation in the input
plane, significant seif-action phenomena are
expected.

More specifically, for certain laser fusion
chains, such as the Los Alamos coz system

and the Garching Iodine laser system, the
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pulse length is not much shorter than the
medium relaxation times. This situation is an
intermediate one between the coherent and
rate-equation-approximation limit. It enables
one to consider an alternative more implicit me-
thod to solve the Bloch equations. The numer-
ical integration method is based on an exact
formal solution of the equations in question.
This method is a generalization of an approach
previously used by Suydam (68], Goldstein
and Dickman [159], to solve the four-level CO
atomic dynamics in the rate equation limit®
This technique is particularly appropriate when
the rate constant can become very large. It
was subsequently realized (162] that Fleck
[163] has independently reached the same
conclusion when studying Q-switching of pulse
lasers.

In particular, one can attempt to express the
differential variable appearing on the left-hand
side of a given material in terms of an integral
over the right-hand side. The integral can
then be handled formally and exactly. The
scheme is implicit and has been linearized by
assuming that the field is known. The field
can be guessed at the new time then corrected
through iteration. * and W can be readily
evaluated as the solution to three simultaneous
linear algebraic equations. Even though this
implicit method takes longer to calculate, it is
particularly advantageous since its stability
does not limit its usefulness to a restricted
range of parameters.

In particular, this method can be easily out-
lined in the following manner: The material
coupled differential equation has the form

2A (96)

30 + yA = (1)

where y can be either a real or a complex
decay constant. By introducing

A = B exp(-yt), 97)
i.e., B = A exp(+yv), (98)
one obtains

3A (929)

37 TYA* %Bt exp(-yt) = (1)

integrating both sides:
T+AT T+4T

(A exp(yr}] =J
T T

£(&)exp(y€)dE (100)

exp(YT)[A(t+aAt) exp(yatr)-A(1)]

trat

= (l/q] ? f(g)d[exp(yE)] (101)
t
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t At
=[1/y] [£(§Iexp(x€)] -[2/v] [ exp(vEX('(§)dE
T T

A(t+at)exp(yar)-A(t) = [f(r+at)exp(yar)-f(t)]/Y

2 T+AT
~(exp(-yt)/Y°) § £'(8) diexp(¥8)] (102)
T

= {f(trar)-f(t)])/y - (f'(t+At)exp(yAr) - £'(1)/Y)

2 TrAt
+ [exp(-yr)/¥°] S £"(8)exp(yE)dE (103)
T

These formal solutions, which are exact, will
be the basis of the flnite difference approxi-
mation scheme. Assuming that f(t) is a linear
function of t between t and t+Ar (hence, f"(1)
vanishes), one can stop carrying the process
of integradon by part further.

Using fn+1 for f(r+at) and fn for £f(t) and the
approximation:

g*l =8 = (fn#l - fn)/At (104)

one can evaluate the integral explicitly with
the result:
A

exp(-yat)]/at

ae1 * EXPC-YAUA +(f

ne17fn
- {(1-exp(-yaDI/¥%) (£, = £,)/8¢ (108)

Aper = exp(-YADA +{{(1-exp(-yat))/yat
-exp(-yar)l/v} £
+ {[1-(1-exp(-ya1))/¥atl/y} £ ;  (106)

as ((ya1)"l) is allowed t approach 0, (i.e.,
(yat) » =), An*l approaches [fml/“' This

means that in the limit of large time incre-
ments, the numerical solution of the Bloch
:quaﬂons can approach their ‘rate-equation'
orm.

Using this approach to solve the Bloch equa-
tions, one can identify the driving term 'f’ as
'-1/2(e * + e* )' for the population inversion
equaticn, and ‘'f' as 'eW' the polarization equa-
tion.

The result is three linear equations for the
three unknown quantities:

i ,‘jﬂ and wjﬂ
m,k+1 m,k+1 m, k+l

Assuming that the field is known, one can
soive this system in a straightforward manner.
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Nonuniform stretching from t to T can aiso be
implemented. If the stretching weighting
function is g(t,T), the new source becomes
'f(t)g(t,T)' while the time decay constant
becomes 'yg(t,T)'. The procedure remains the
?ame]; only the algebra becomes more tedius
165].

XVIIl. CONCLUDING REMARKS

Most of the features of the numerical model
used to study temporal and transverse reshap-
ing effects of short optical pulses propagating
in active non-linear resonant media have been
presented. The motivation for choosing the
various numerical techniques was explained on
physical grounds. The rigorous analysis of
this non-linear interaction was attempted to be
achieved with maximum accuracy and minimum
computational effort. The applicability of
computational methods developed in gas and
fluid dynamics to the detailed evolution of
optical beams in non-linear media has been
demonstrated. The introduction of adaptive
stretching and rezoning transformations con-
siderably improved the calculations.

In partcular, self-adjusted rezoning and
stretching techniques consisting of repeated
applications of the same basic formula were
reviewed as a convenient device for generating
computational grids for complex nonlinear
interaction such as in coherent light-matter
energy exchanges. The techniques are well-
suited for easy programming mainly because
the mapping functions and all related deriva-
tives (weighting factors) are defined as much
as possible analytically. Enhancement of
accuracy of speed was realized by improving
the integration technique/algorithm which
turned out to be general and extremely simple
in its application when compared with its

e, the two-dimensional Lagrangian
approach {172]. Furthermore, this method has
been applied to a number of situations with
and without homogeneity in the broadening
properties of the resonant medium. It may be
worthwhile to mention that theoretical predic-
tons defined with this code, when applied to
absorbing media, were quantitatively ascer-
tained by independent experimental obser-
vations (119,120] and recent independent
perturbational (166,167] and computational
analysis [168]. One should also re-emphasize
that the self-action phenomena predicted with
the algorithm described here are distinct from
that discussed by other researchers. The
main characteristics that distinguish this
system are (1) the non-instantaneous polariza-
tion response; (2) the fact that this coherent
interaction can occur at exact line center
(while all the other theories exclude the possi-~
bility of self-lensing action whenever the pulse
wavelength is exactly tuned to the center of a
resonant absorption line), and (3) that the
angle of the slowly varying electric field pha-
sor depends on time a well as position.




\.1.'\. At

;

<a.
Q.\
Al

.
&

R

. »

LI

NN EARRARR]
Lt

V¥

RS NN S AL S

Although the topic of this paper has been most
widely received in optical radiation physics, it
our belief that this methodology, drawn from
aerodynamics, will prove functional for a wide
variety of nonlinear time-dependent equations
in such fields as chemical kinetics and oil
reservoir simulations.

ADDENDUM

It is noteworthy that a recent research effort
which dealt with resonant light beam interac-
tion has been recently reportec [169]. Rezon-
ing was also incorporated; however, an implicit
Crank-Nickison, algorithm was used for march-
ing the field; whereas the multi-line atomic
dynamic were solved using Heun method. No
temporal strstching was used.

For details of the numerics, kindly refer to
Ref[eren]ce [170); for the physics, please refer
to [171].
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N Figure 9 Comparison of pencil perturbation

Figure 1 The state of the art in coherent
pulse propagation is displayed. The
theoretical effort was restricted to
uniform plane wave prior to Newstein
et al's efforts; whereas the usual

Gaussian beam. To simulate a uni-
form plane wave, the detector diame-
ter was selected as small as possible
when compared to the Gaussian beam
diameter.

Figure 2 (a) Isometric representation of the
beam crogs-section as it exper-
iences self-focusing: The
cross-section decreases as a
funcdon of the propagation
distance.

(b) An isometric display of the time
integrated field energy as a
function of p and n to illustrate
the resolution limitation associa-
ted with uniform mesh.

Figure 3 Two-dimensional prescribed rezoning
for p and n. As the beam narrows
the density of transverse points and
the transmission planes increase
simultaneously.

Figure 4 Self-adjusted two-dimensional rezon-
ing for p and n to follow more close-

The (normalizing) Gaussian reference
beam is redefined during the calcula-
tion.

Figure 5 Non-uniform prescribed temporal
stretching.

Figure 6 The smaller area, 1.6r, moves more
slowly than the larger area 2n in
both (a) amplifier and (b) absorb-
ers. The peak of the pulse propa-
gates with a speed larger than the
velocity of light in amplifier and

Figure 7 Relative motion among adjacent pen-
cils propagating coherently in reson-
ant (a) amplifiers, and (b) absorb-
ers.

Figure 8 Isometric representation illustrating
the relative motion among adjacent
pencils after a certain propagation
distance n.

PN,

1]
P ot 2

Q.

theory with rigorous three-dimen-
sional calculation for (a) absorbers,
and (b) amplifier. (Curve 9b from
wright dissertation, ref.[16]).

experiment was carried out using Figure 10 Graph (a) illustrates the pulse delay

to be experienced by the peak of the
pulse when propagating in a reson-
ant absorber. Graph (b) displays
the dependency of 1y on the input

area; corresponding value of the
input energy is given at the top
horizontal scale. The solid curve is
for the case Tz >, Tl > 1 and

2zero detuning. The dot-dash curve
is for 'I'1 = 150 nsec and the dashed

curve is for 'rz = 50 nsec. Other

parameters are the same as for the
solid curve.

Graphs (c) and (d) display distor-
tionless pulse propagation in absorb-
ers. Isometric plots of a family of
2n  hyperbolic-secant pulses with
radially-dependent pulse-widths
(equivalent to some pulse-length tp

but of different area strengths). In
graph (c¢) the relative motion is
displayed whereas in graph (d) the
hole formation near the axis at the
trailing edge of the pulse is clearly
substantiated.

ly the actual beam characteristics. Figure 11 Graph (a) illustrates the spreading

effects of linear diffraction on the
propagation of a Gaussian beam
profile.

Whereas Graph (b) illustrates the
effects of linear diffraction on the
propagation of an intensity profile
with a hole near the axis. This
input profile is achieved by the
subtraction of two Gaussians with
different beam widths.

The propagation follows the analy-
tical work of Kogelnik and Li.

smailer in absorbers. Figure 12 (a) An isometric time evolution for

three distinct radii representing
three 2n hyperbolic-secant
pulses (with radially-dependent
pulse-width) after a propagation
distance n. This plot jllustrates
the relative motion as well as
the boosting operation that the
light diffracted from the tail of
the pulse on the rim of the
beam, experiences while flowing
toward the axis.

(b) Results of rigorous three-dimen-
sional computations illustrating
the hole formation at the traii-
ing edge and its successive
filling through boosted diffrac-
tion by nonlinear interaction.
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' = Figure 13 Analytic predictions of energy cur- Figure 24 The energy per unit area
{c rent ]’.r evolution for (a) absorber T 2
S and (b) amplifiers. Y e(p.n.x) Tdvl
S . the fluency is displayed as a func-
‘o Figure 14 As the light diffracts outwardly in tion of they distanc% }:1 the direction
L the leading edge of the pulse, it of propagation for various values of
e interacts with the slower moving the coordinates transverse
<7 pulse off-axis and experiences gain. to the direction of propagation. To
Figure 15 Graph (a) displays the retarded time iflllo‘fn‘:hti t272 g?eg:felng‘ggzd i;"e:gz
N concepts. displayed. The longitudinal orienta-
; tion illustrates the gradual boosting
Graph h(b ) outlm:isn the b{lumexl'ical mechanism that the field energy
- approaci: 3 marcning prooem aong experiences as it flows radially
-t n for the field simultaneously with a . towards the beam axis (while n
DAL tempot:'lal :lpgrading of the material increases). The second angle dis-
variables along . plays the severe beam distortion in
- Figure 16 Graph (a) shows non-uniform stretch- fts cross-section as a function of n.
:.-‘: ing of the transverse coordinate. Figure 25 The principal characlteristics plotted
N . against the dimensionless propagation
N bGraph de(b)ndggré:ra;tt:h t&' Gaussian distance for a particular value of F:
LX) f?;mm h ‘:cal radius e non-uni the on-axis energy density, the total
.f_-.‘ orm phy : field energy and an effective radius
‘ :
— Figure 17 This graph ﬂlu§trates the depen- ?:g{\ec}ief: ;g:r;;uadr;i;:gt b‘;f g:z
. dence of the radial mapping and the on-axis energy density
" derivation on the ‘different parame- ay :
:‘: Xt.:gs;u:ersus the uniform mathematical Figure 26 The profile of the energy per unit
\3:, ) area for both the input and focal
WA Figure 18 This figure contrasts the Laplacian planes.
“‘;‘ dependence for a given Gaussian
profile for various non-uniform radial Fi . .
. qure 27 The absorber field amplitude (a,b,c)
A polnt densities. and the transverse energy current
N Figure 19 Dependence of prescribed stretchipg x(gfaercfg dfc:ir;nesez)erratlh rl;aedls:ta‘;er:‘:; :::
g ?12:sitii:: ac:!e;ig:lv::m;n the point propagation: the reshaping region,
o ; of transfor- the build-up region and the focal
:; mation. region (as a function of the trans-
¥ Figure 20 Adaptive stretching with different verse coordinate).
: centers of transformation.
.::x’ Figure 21 The concept of the prescribed rezon- Figure 28 g{;:u(f: °f("a° bofc)th:::gsot;t;er pf_i:}ﬁea";}
NN ::‘hger::: G;:’:e?n(tgc; ilsn aiﬁgsg-u(ag f the transverse energy current (d,e,
"oy % up f) for several earlier (small) instants
":’. the nozn -bum orm mapped grid of of time for three stages of the
T Figure 2(b). propagation: the reshaping region,
— Figure 22 Graph (a) illustrates the self-ad- e on P e o ot eae
justed rezoned grid. retarded time (slices in the front of
'; Graph (b) illustrates the usefulness the pulse).
._i.,' of the adaptive two-dimensional
Y mapping through an isometric repre- . . : _
_'_::: sentation of the fieid fluency. Figure 29 gﬂfué):“(“:'boi ;hea:é’s"t;i" pi-l:é;ilea";f
- Figure 23 O:e-dbimension?' propaga(tio)n irt1 - gle ftg:ns:::::alenleart%¥ C(usrxxx‘g::qix 2;:)
absorbers. igures (a () ; > ~ 1
g illustrate the time behavior of a 2 g;st‘:;l\:s °rf° t;m:ﬁf::. tht:h:hr::s;ata?:s
o input pdulse at various planes. The region ;t’hepb%ild-u.p region andpth?e
o retarded ume is measured in nano- focal region as a function of subse-
:-": seconds. Figure (e) gives te q’me quent retarded times (slices in the
I integrated intensity (energy/cm” = trailing edge of the pulse).
AN

jdt e 2), pulse area, and time delay
at the peak all against the propaga-
tion distance.
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Figure 30 Changes in spatial and temporal pro-
files for pulses undergoing self-in-
duced-transparency with transverse
energy flow, that lead to coherent
self-focusing, a and al, maximum
off-resonance SF; b and bl, on-
resonance.

Figurs 31 Temporal behavior of pulses. Break-
up of a 4x input pulse is shown
under (a) self-focusing and (b)
uniform plane-wave conditions in Na.
In (a) the integrated output is 35%
larger than the input.

Figure 32 Cross-section of beam at cell exit in
the first experiment: curve a,
without Na, and curve b, with Na
on-resonance, with input area of 3n
to 4x and magnetic field of 3.5 kG.

Figure 33 Isometric plots of the absorber field
energy and transverse energy flow,
against the retarded time for various
transverse coordinates at four re-
gions: (a) reshaping, (b) build-up
region, (c) focal region, (d) post-
focal region.

Figure 34 Isometric plots of the absorber field
energy and transverse energy flow
profile for various time slices at the
four regions of interest.

Figure 35 Absorber field energy contour plots
for the four propagation regions of
interest. Notice the temporal delay
associated with the coherent ex-
change of energy between light and
matter, as well as the beam cross-
section narrowing.

Figure 36 Principal characteristics of the focal
plane as a function of the parameter
F: the dimensionless focal length
<°eff » L(focal) = A(focal); the ratio

M of the axial energy per unit area
at the focal plane to that at the
input plane; the time delay at the
focal plane of the peak of the pulse
on axis; the ratio of the total field
energy to the axial energy per unit

area npz off"

Figure 37 Experimental energy-density magnifi-
cation and diameter reduction in Na
as a function of detuning. Curves a
to f are for 2-ns, 3 pulses of 125um
diam in an ll-mm cell. The absorp-
tion increases from curve a to curve
f; curve g is self-focusing of Cw
light; curve h shows the atomic
absorption. Above, Curve a is the
diameter for the conditions of curve
a, etc.
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Figure 38 Experimental Gaussian profile care-
fully prepared to eliminate any ripple
larger than 3% variation to avoid the
additional small-scale self-focusing to
the transient whole beam break-up
under study.

Figure 39 Pulse energy transmission (output
per input in Ne vs. squared pulse
area for 3ns (full dots) and 1ns
(open dots) pulses. Curves are the
corresponding plane-wave computer
simulations.

Figure 40 Energy-density magnification vs.
peak intensity for 0.8ns pulses,
showing increase of self-focusing
with Ne absorption oL. Curves are
pTzl'ane ;v:ve computer simulations with

= 10ns.

Figure 41 Graph (a) displays an example of
the severe temporal distortion which
can be caused by nonlinear propaga-
tion in the Lawrence Livermore Labs
Cyclops laser chain.

Graph (b) displays the correspond-
ing plots of the fraction of the pulse
power which is focused through two
different diameter apertures as a
function of the break-up integral B
(see Bliss et al, IEEE J. Quantum
Electron, July 1976).

The focused output beam does not
contain all the energy which entered
the experiment.

Figure 42 Example of the temporal distortion
due to small-scale beam break-up on
the Beta prciotype of the University
of Rochester Laser Fusion Laboratory
(LLE) (see LLE program report to
ERDA, TJanuary 1977).

Figure 43 One-dimensional amplifier: Graph
(a) shows the input pulse as being a
4 nsec Gaussian with integrated area
2rn. Graphs (b) and (c¢) correspond
to the pulse propagated tc 40 and
200 cm. Graph (d) is the summar-
ized propagation data of the pulse

versus the amplifier length (u-;}f =
200 cm).

Figure 44 Longitudinal projection of amplifier
energy field amplitude and trans-
verse current tor near-axis (small)
radii at the four critical regions (a)
reshaping, (b) build-up, (¢) focal
region, and (d) post-focal.

Figure 45 Longitudinal projection of amplifier
energy field amplitude for large
(off-axis) radii at the four critical
regions.
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Figure 46 The profile of amplifier energy field
amplitude and transverse energy
current for small slices of time (in
the front of the pulse) at the four
critical propagation regions of in-
terest.

Figure 47 The profile of amplifier energy
amplitude and transverse energy
current for large slices of time (in
the trailing edge of the puise) at the
four critical propagation regions of
interet.

Figure 48 Isometric plots of the amplifier field
energy and transverse energy flow,
against the retarded time for various
transverse coordinates at four re-
gions: (a) reshaping, (b) build-up
region, (c) focal region, (d) post-
focal region.

Figure 49 Isometric plots of the amplifier field
energy and transverse energy flow
profile for various time slices at the
four regions of interest.

Figure S0 Amplifier field energy contour plots
for the four propagation regions of
interest. Notice the temporal ad-
vance associated with the coherent
exchange of energy between light
and matter, as well as the beam
cross-section narrowing.

Figure 51 Longitudinal projection of amplifier
energy field amplitude and trans-
verse current for near-axis (small)
radii at the four critical regions,
with stretched radial coordinate for
proper accounting of the transverse
boundary condition.

Figure 52 Longitudinal projection of amplifier
energy field amplitude for large
(off-axis) radii at the four critical
regions, with stretched radial coor-
dinate for proper accounting of the
transverse boundary condition.

Figure 53 The profile of amplifier energy field
amplitude and transverse energy
current for small slices of time (in
the front of the pulse) at the four
critical propagation regions of in-
terest, with stretched radial coor-
dinate for proper accounting of the
transverse boundary condition.

Figure 54 The profile of amplifier energy
amplitude and transverse energy
current for large slices of time (in
the trailing edge of the puise) at the
four critical propagation regions of
interest, with stretched radial coor-
dinate for proper accounting of the
transverse boundary condition.
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Figure 55 Isometric plots of the amplifier field
energy and transverse energy flow,
against the retarded time for various
transverse coordinates at four re-
gions: (a) reshaping, (b) buiid-up
region, (c) focal region, (d) post-
focal region, with stretched radial
coordinate for proper accounting of
the transverse boundary condition.

Figure 56 Isometric plots of the amplifier field
energy and transverse energy flow
profile for various time slices at the
four regions of interest, with
stretched radial coordinate for pro-
per accounting of the transverse
boundary condition. No severe
reflection or abrupt variation in the
field energy, at the wall boundary,
is observed.

Figure 57 Amplifier field energy contour plots
for the four propagation regions of
interest. Notice the temporal ad-
vance associated with the coherent
exchange of energy between light
and matter, as well as the beam
cross-section narrowing, with
stretched radial coordinate for pro-
per accounting of the transverse
boundary condition. No severe
reflection or abrupt variation in the
field energy, at the wall boundary,
is observed.
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j plane wave prior to Newstein et al's eiforts; whereas the
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Figure 2 (a) Isometric representaticn cf the beam cross-section as it
experiences seli-foccusing: The cross-section decreases
as a functicn of the nratagation distance.
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(b) An isometric display of the time integrated field energy

as a functon of p and n to illustrate the resclution
limitation asscciatad with unifsrm mesh.
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o Figure 3 Two-dimensionai prescribed rezoning for p and n. As tas
beam narrows the density of transverse pcints and the
~ transmission glanes incrsase simuitaneousiv.
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Figure 6 The smaller area, 1.67, moves more slowly than the larger

area 2rn in both (a) amplifier
the pulse propagatess with a

light in amplifier and smaller in abscrkers.

£

s =
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Flgure 10 Graph (2) illustrates the pulse delay to be experienc: . i:y
the peak -of the pulse when propagating in a -:sonant
absorber. Graph (b) displays the dependency of :. on the
input area; corresponding value of the input energyv s given
at the top horizontal scale. The sclid curve is for :ne case
T2 > Tpe T, > L and zero detuning. The dot-dash curve is

for T1 = 150 nsec and the dashed curve is for T2 = 50 nsec.
Other parameters are the same acs for the solid curve.
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in absorbers. Isometric plots of a family of 21 hyperbolic-
secant pulses with radially-dependent pulse-widths (equiva- 1
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13(6) Analytic prediction of energy current JT evolution for amplifier. Note thct
diffraction is greater here than in the absorber -counterpart situation (13a). For
illustration purposes the current was derived beginning with the field equations
as opposed to the energy equations. Only when the energy equation is used is
the expression J7 valid for large . (Plots constructed beginning with the energy
equation can be found in ref, [171; 1975] ).
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TFIQWre 43 One-dimensional ampiifisr: Graph (a) shows the input

' pulse as being a 4 nsec Gaussian with integrated area 2.
Graphs (b) and (c) correspond to the pulse propagated to 40
and 200 cm. Graph (d) is the summariz&d propagation data of
the pulse versus the amplifier length (%ff = 200 ¢m).
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Plgure 58 Caoice o rvarameters of the Proposed scéiim experiment and
related discussion rricr to carrying cut the exterizent.
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Figure 60 Super-luorescence iz a pre-excited mediim 2cr uniZorm plaze

wave erd for pom-planar wave with unity Fresnel number: ;
Qutput power (averagsd across <he beam ares) bulldup over an :
axial distance of A £=77.12 “rcm en :initial tipping angle - - .

' et - T T ¢ ot

©=0.0003W r2ch (a) contrasf the sifuesion of e uniform plane - C s
wave F=  and T=1 with 2 radially dependeat zzin. In grapa (b)
the gain i3 radially independent while the tipping anzle hes

& Gaussian profile., Graga (¢) and grazh (2) resgtectively
share the Shysical gisuatirr of
an additioral radial-derenderce
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Perturbation:

a

where

Then

e. strong beam; ey weak beam Iebl << leal

= e(o+ip) (Xa+iYa) = e(aXa-BYa) + ie(ﬁXaﬂxYa)
e<<1;, a,p,ereal; a,p,e>0

(a+ip) the polarization constant

Uy = Ugp * 85 * ezua2 oo

ViSVaot eV teV,t

uy, = teu, teu, ..

VbT T et e Vb2t

Ye © teug t ezucz ¥

Ve T teVap te Vet

Wa =wO + eWal + e2 wa2 +...
Wb = + eWaz +e sz +..

= (8 + 8V - U STy - %(xavb + Y up) + 3(Xpv, + Ypu))
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Zero order &°

(single stream S.I.T.)

g %X * F V'ZI‘ Ya0 = 9a Ya0

12 anYao -F V%. X30 = 93 Vao

}j 330 = Xa0 Wao * 83 Vao ~ Yao’"2a

% 3:Vao = Yao Yao ~ %2 Yao ~ Vao’"2a

N 3Wao = "Xao%ao * Yaovao) - (wa'wg)/ "1a

1~ 1

e First order e

3 ar]xal +F VZT Yal =93 Ua

7

A - =

'-§ ar'Yal F vZT xa1 9a Va1

X 3 Xpy + F ‘7% Yp1 = 9p U1

o

%¥p - F V% Xpy = 9 Vi

“ 3¥a1 = Xa1 Wao * Xao Wa1 * %3 Va1 " Ya1’"2a

N\

1Y

N = -

: atval Ya1 wao + Yao wal * Aa Ya1 val/ Y2a

U4

_ ) w0

oy atwal - (xaoual + Xaluao * Yaoval * Yalvao) (wal Wal)/ 1:la
ke

.’y

] = A -
: ‘1 Up1 = 8 Vb1 2 Xao Ye1 * Yao Ver) - Up1/Tap

K- _ 1

" 2:Vb1 = *8p Yp1 = 3 Za0 Ver Yao Yer’ T Vb1/"2b

o W, =L (X u.+X . u +Y. v +Y. v ) - (W -Wo )/t
': 1'bl - 2 “a0"al al ao ao al al‘ao b1 "b1// "1b
'-

N

.j -3-

-
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’

N
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.'0
O _J AR

2y
3
:5';. _ 1
b dp¥c1 = (Ba*8p)Ve1 = Ue1/Taap = 2 XaoVb1 * YaoUb1) B
: o
+ 1 [(ax, _-pY, v+ (BX_ +a¥_)u_ ] 1
;.:-‘3- 2 ao " ao’"ao ao a0’ ao J
'*:‘ 1 .'.1
o = - - = - S
{?.3 3Ver = ~(8*8p)Uc1 = Ve1/Toan * 2 KaoUb1 = YaoUb1) %
- 1
= 7 [(0X o Y 30050 = (BXo * @Y 35)V,] B
o) "
v -
& i = =0 :
A R
— Second Order &%: '
il‘ |
I
el anxaz +F v%‘ Yaz = 95 Ya2
o 9 Ya2 - F V%, Xa2 = 9 Va2
‘:':
Wi
o 4
X o Xp2 * F Va Ypp = G Uy
s %¥bz * F V1 Xpz = 9y Vb
2
X - -
N 9 ¥az = (Xaowaz * X War * Xa2"ao) * 8aVa2 (“az/ tZa)
1 =
) * 2(ZEp1¥er * Yp1Ver) = KaoWaz + X1 Wa1 + Xa2Wao)
‘A ’ 1 1
=) ¥ B3Vap = (Ugp/Tpe) * 3(0X,y0 = Yoy - 5(BXy *+ Y Ve
%2
" -
9va2 = (YaoWaz * Ya1War * YagWag) = A3laz = (Vap/Tpy)
- l - = -
o * 2Xb1Yer 7 Yp1Yer) T YaoWaz * YarWar * YaaWao) )
“1'.‘ - l - - l '.::
-:jf:: * Balap = (Vao/Tpe) * 30Xy, BYao)Ve = 2(B%y0 * ¥aollcy =
v 4
) 9 Wa2 = = Kaz¥a0 * Xa1%a1 * Xao¥az * YazYao * Ya1Va1 * Yao'a2 N
1'.\ (‘._‘
1 1
':: * 37Xy - BY o dupy * 5(BX g+ oY 0V - (Wa2/114] -
L) Ced
- vt
R o ) ;
- ez = (@Xyo = BY30)Wh1 * 85Vha = [Vpa/Top] A
QO _1 o
re 3Xa04c2 * Xa1Ye1 * Yao¥c2 * YarVeil o
b= ~
N -4- I
&
A T e e e T R ey




atVCZ “ (axao * aYao)wbl - AbubZ - [Vbz/ t2b]
1
- 3(X30Vc2 * Xa1Ver ~ Yao¥e2 - Y,19c1)
3 Wh2 = - (X, - BY 300Up1 * (BXyo * “Yao)vbll - (Wyp/ Y1p)
1
+ ?Kxazuao * Xalual * xaouaz) + (YaZVao + Yalval * Yaovaz)]
- . !
d Uy = (B, * BpIVep = U/ Toap = (X oVha * Xg1Vh1)
1 1
+ (Yaoubz * Yalubl) * 2 (“Xao - BYao)val * 2 (Bxao * aYao)ual
— _ 1
A Vep = - (8 + AU, - [V Taap] + 5 [(Xgupy + XyUpy)

1
- (YaoVp2 * Yalvbl)] -3 (@X ) - BY Uy

1
t3 (Bxao * aYao)val
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NN UNIFORM PLANE SITUATION

)
2 lasers ea’b, Pa,b' wab :

£ 0
‘{\Q ea 81 B.Co ea'b, Pa,b > 0 T > ®

ey N Wy wa,b > Wg(’)t)) = (const.) Tt » >

N with infinite relaxation time

anea,b = ga,bpa,b (ga,b real constants) (a)

AN
@
-t
*o
)

"
o
£

]

X!
o

oe]
©

(B)
_ i *
20 3.Pp = epWp *3 €pQ

s atQ =?1 (ean - l:’aeb) © “4

e W 1, * x 1, * * y

‘ 5;3 3%

.,-‘1 I. Real Solution

1, % * 1, % x
- F(epPy *+ epPp) + F(e Py + Poey)

€a.b’ Py b Q=id

el for steady-state solution assume

— Ea,b =0 sech (Klgl) with E‘l = T-MN

-2

using (A), (D), we get

L]
st N o

-
b Sk L

L '.'

ga,b Pa,b = I(li\1 % b sech (Klgl) tanh (Klgl)

40, 4
.

2

o0
e

.
g
s
&

- .‘t

()] 2 .
wa,b - Wa,b *2Bap sech K1§1 (DY
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..............................................................

From (C) we assume Q = i¢
- 2 -,
=T sech 1.i§1 + 1,

and get

-2F1K1 sech2 Klgl tanh Klgl

K
= Al laaab (—1 - -1) sec:h2 (K
2 9% 9Ya

1£1) tanh (K &)

- — 1 1
=> ry = (/4 ajap (g—b - *é-a) ¢9)
o
e
From (B1) ».jt-\.w
2% 0) , 1
-AKT— =a W + 50 T (2)
1™1 a a 2°b 2 e
. ot
A 2
2 o'a_ 1 1
MK g T TR Rt I 3
From (B2)
k2, w1
MKy =Wl -5 T, (4
Iy
A
2 %_ M 1
2M K9 g Z% PTZ%N )
Kl' )\1, a, oy, l‘l, F2 6 parameters

5 equations = > so one parameter, say K1 is free

« v, te ! ) . - - . - . L . - . . . .
P B S R Ve, RSP U e e e T e ) e L
AP, VP T e R P P . I A R e T Y U R T e T Y S S P P SN N
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Note: By combining (3) and (5) get l‘1 and comparing with (1) \
one obtains: =

0

% % ] 7

5;, +g: (unless g, = - gb) 2

II. Complex Solution

Assume:
€& b= % b sech K,&; exp[+ i Kyt,]
Using A
9 b Pa,b = “a,b['\lKl sech K &, tanh K &,
t i Kyhy sech [K;&;] exp [+i Ky€,1]
Using D, A

o .M

- 2
wa,b - wa,b * _2' Ba,b sech K1§1

From (C) one can assume

-3 2
Q= l[r‘1 sech K1§1 + 1‘2] + I‘3 tanh K1§1

Consistency conditions (using B and C):

1 1
a_a (= -—=)=-4r (1)
abkl gy, 9y 1
aa MK, (2 -2 y=orx (2)
ab1m2 9 9p 371
Ya %%
g. M TMKK =T Ty )

a

.....
.....




[

a 02 _ w2y = w0, %
g—a (KAp - KjAD = o W™ + 5= Ty 4
2 2
o o_A a o o
a 2 a'l a b b
2 @K =322 (2 21+5 T (5)
g, 1™ 2 a Zgb 2 1
a o
b_ “a
Kk 5,7 2 3 ©®
a o
b 2 _ 2\ _ (0) _"a
gy MoKz " MED =Wy -7 Ty &)
2 2
a o A o o o
b 2 b1 b a a
_ . A = —= _— - + = r
g, KD Tz lg gl N ®)
Note: From (3) and (6), one gets as for the situation of real solutions
2 2
o o
b a = - 9
3, +ga (unless g ay) .

Here instead we have 9 parameters:

Ogr Opr A Ags Kyy Ky, Ty, Ty, Ty
and 8 equations. We expect to have two free parameters, hence 2
equations must be equivalent.

Indeed from (1) = >

%M ( 1
1 q g

(10)

1

o

And combining (5) and (8): , (using (q)) we get the same equation.




AR AR D AREAEE Sn -t A Al A, te d v . N Y T N e g W W W W W o 0 et et W e T T
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)

<

N

g So we can discard either (5) or (8) and hence we have 7 equations
_* and 9 parameters => 2 free parameters correspond to complex solu-
*" tion. Namely,

g

T K;. K, are free parameters.

. If K,=0 then the solution tends to real solution as before.

8 Physically this solution may be explained as two pendulum coupled
N to each other. At some point, levels are excited by each other.

2o

By simplifying, one gets:

a

%
(58]
38

-3
~
[~
Q
+
[
o

S %%

AL r - =<2 e - =
. 1 T G, 3,
o
o Ayt
MY

_ el >
. o
a
o r, = 8A,K,K.,, - "

3 27172 ap g,
~ a
N w O, b
N a . 9dp= %a"a 2
: a-’b
A 9a % © . %
T Wa t 2 I
'.‘
"1
"4 20 20
: P W R
’ o, g a a
b9 b
\ 2 2
g %G - %
19 92 %
4
= Note that if K,=0 => ;=0
-
.
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Summary

anea,b = ga,bPa,b

*
atPa = eawz - ebQ

1
2
1 *
2

T

1
3.Q = 5(eaPb - e P.)

i

1 x + b 3 1 *x 3
3. Wy = -3 (&P, &Py * 7 (ebe * ebe)

W' 1 *x + P* + 1 * + *x
O Wy = - (epPy + eyPy) + 7 (e P, +eP)

Conservation Laws:

2 2 2,4 2\y =
3 {IP 1% + 1P 12 + Q1% + 3 W+ wowy + W) =0

2 .4
ar]leal t39, ar(zwa * wb)

0
3 lel®+3gq 2 (aW, +W)=0
n'"b 3% “*“"b a

Consider Real solution

ea,b' Pa,b’ Q = 1o, Wa,b

From the previous note, the steady propagating solution has the property

2 2
E:a Eb

—_—
92 %
This implies wa = wb.

So if we apply Wa = wb = W, (or eaPa = ebe) then defining

e, = Jga e, ey = ng e
PaE‘/ng: PbEJgaP

one can reduce the original equations to

(consistent)
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g,*g
= % a’h We
¥g,9y,

- _1
I W=-5 Jgagb eP
This is equivalent to a single laser problem.

From the conservation laws:

g.,*g
pz + 2 b w2 = const.
929
Define
:,z— :o sin ¢ s p2 = g,*9p
= W, cos ¢ 0 939,
a2
Ag = o sin ¢ : Sine-Gordon eq.
at n

Complex case: If one applies Wa = Wb =W

o s 3 x _ * E 3

= ij.e., eapa + eaPa = ebe + ebe
and then define

e, =49, e, e =Jg e

Pa=JgaP Pb=JgaP

One reduces the original equations to:

consistent.

ane = ,/gagb P
_1 9p 9a
atp_f(‘li +Jg—b ) We

3.Q =5 (g,-g;)eP
1 * *
atw =-3 Jgagb (eP + e P)
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¥ 93 9p
iQe = (J%- J—g;) We

Y
_-.;::1 Since the number of eq. is one more than the number of unknown function,
~
-] the last equation has to be derived from the first four equations. But this

situation is not, only steady propagation solution case. O.K. as shown

before.
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Particular case le_|® = Iebl

Q|
+
Q
—
[
]
]
(S|
7~
—y
+
~—
o
]
v
Q
€
]
<
—
1

2 3 0J

. .
Ly

‘

. “»
% .
OIS -
- % -
.. .
L -
b

e (2 e 2 e
Tagg = 18al™  Jpyy = lepl™ G g

“ 5
* "Efi' l"_'

o 1.. * * j
- Ja_= -Gk (ey Vp €5 = € V7&,) B
. ‘ _ lki * % 5.‘1
) Jp = —6kD (e, Vp e - €, Vpep) "
N :
<
8 Uap * Jpp) = Vp T
e

%:'_‘_ T = -1 * *

N § = 221 (jeg + (i) (T

<., * x

,.;g + (Vieb) (Vjeb) + (Vieb) (Vjeb)}

:: + L2 (e 1% + le, )2 +—k—3Y“"‘ [le 14 + ey 1%

41(2 T a b' Yij 2 a b
e
-

7o Eb?im“’l.e superposition of (Tij)a + (Tij)b' iff one renormalize ylm' the
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Yim = 3¥im

_ 1 * Yim
Trace Tij -ZFaz'b {(\%ea)ea + (vaea)ea] + X Ieal

32 Trace Tij =-V-Q?

9 i

32 ij ik a aT

+ (Vtea) (V'Zre:) - eaVT(V%.e:)-(VTe:)(V%ea)]
‘Y.

+ _];11_2!1 o VT [lebl2 (ebVTe;-e;VTeb)]
i

* 211:3 o Vg © {e;VT(V%,eb)ﬂvTeb)(V%.e;)

- °bVT(V'2re;)'(VTe;)(V2T°b)}

Y3 * x ;
— Trace T = 22- VT . [lealz(eaVTe -e V. ea)] +4-k_3 VT . {eaVT(VTea)

Q =—Lr (17 (P )+ (e, (Bed) - e Vo (TRel)-(Vpen) (Ve )

N
—t
~

ro e’V (Ve 7 e }Te )e vV (Ve )-(v e ) ep)}
bT Tb Tb Tb bT Tb Tb Tb

~ % *
+ 4 Yim k leal2 (eaVTea'eaVTea

~ X x
+45k |eb|2 (epVope, e, Vrep)]

One can write an analytic expression for the average beam waist as a function of the =

2 _ .2
aeff-ao+2clz+czz

with ag = al(z=0)

- 1.2
1 1 x % x % - 0
=5 Tvofdvr{eaVTea'eaVTea)m(ebVTeb'ebVTeb)} z2 =
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; c, = - 5113 JAV{(Vae De +(Vae_de_+27im Je,|* -

1
%
. 3 * ~.
- + (V,Zreb)eb+(V2Teb)eb+2ylm Ieb|4} 2=0

, o~
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€ _ 9 _§ o shmm .

N
N = 2 4g -
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Theory of moments J(*QM S
2 Beams

-i d - 2 2
2k V% €a v 3z %82 T Y3 “eal * 2lepl"le,

-i d _ 2 2
2k VE et 0 55 e = (le, 1% + 2leylPey
1 +1 parallel beam (concomitant propagation)

-1 counterwave (antiparallel propagation)

First moment equation:

2

-i ¥ * 3, . 2 2
= e, Va e, te,goe =y, (leg? + 2leylPley

: x * *
%{eavae at € 5% €2 = V5 {lealz * 2|eb|2}|ea|2

- . % *

Eic(eaz%ea'eavz'lea) * '3?'2 Ieal2 = Ya{leaIz * ZIeHZ}Iea |2

*x
+ v tlegl? + 2lep 2y le, 1

T eTae o e * 5 legl? = (pndile, 12 + 2ley 1}1e, 12

Similarly
7k Ve Wren s o) *+ 0 3 leyi? = (v [2le 2 + 216 1lle,|

defining energy currents

T a_ 1 (e ¥ e*-e*v e ); J = |e I2 ::5::
aT 2ki “*a'T"a""a'T%a’" a// a o
1 x X - 2 "
Tor @ - 2 (op¥peprepiren)i  Tpy, = leyl -
{
with IaT' IbT the transverse current and J’a /) and Ib /) the longitudinal
currents. -
0
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e
e,
. Introducing T
‘ +1ivy.. ’
'y Ya @ Yar ¥ 1 ¥y :
o ~
o -

Yp & Ypr t1 ¥

ww.r
b
[ “ l

substituting one gets

““ "
o 3 ) - 2 2y, 2 -]
..:.‘ ﬁ Ia// + VT IaT - ZYar“eaI + zlebl ]leal ]
o B
N 3 . - 2 2 2 -
e 5z Jb// * V1 " Jpr = Piprl2lepl” + ey lTiey| -
2 2 (5 woT 1+ T (Gt T = 2y e+ 2y le 1Pla |

0 3z Uazy ¥ oyt + Voo Uup + Tpp = 20y e, Yl 17lg,
s + 2y leg1? tepl? + vy ley (4]

2T, 0T, ]+ Ve Do+ Tped = 26y e |?
5z Yay/ b// T aT ~ ’bT Yar '€
2 2
2 W L L P LR MU PO Ll P L P L

.:'.d :_‘J
. For Yar = Ypp = 0 :
NG The equations reduce to: N

, :
X Talanov o
o 3 2 -3
o 0z Uass* oyl = - Vo Uar*Tpp) Z 5z W=V ] 3
o =~
- 2nd moment equation: !‘
',:: a2z ::"
oo : ' x %
- using J,p = - 2_Il<_1 (eaVTea'eavTea)

:2':: *

“ue aIaT e, " oe 8e: x oey

. = i - - = —_— =

. 9t [1/¢2kD ] 3z ‘T ea[VT(az )] sz VTea+ea[VT( 5z 1
- Using Yar = Ypr = 0
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aiT = KD {-1/2k(Vpe )(Vpe,) -y, (le | e )(Vpe )

23y, ) len 12 e (Ve d-e (D v (Ve iy le | Vn(le. %)
Yai’1€p alvVT®a/ 8\ 2k VT VT®a/ Ty €51 Vol €

2 * v
ea( Tea)

Yy €y VT(ZIeb'ze:) - fik(V%‘e:)(VTea)'i“ai'eaI
-1y ailzleb'2 e:(Vrea)] * e: ZTi(VI‘(V%ea) *+ Iy ai [e:%.(lea '2 ea)]
. * 2

ﬂYai [ea VT(zlebl ea)]}

ar .1

92 4k2
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rervp (el + & ((le (% )(Tped)-(le, (2 (Vpe,)
re Ur(le, [Zeryrervn(le, 1%e )} + -3 {-(le (%, )(Tper)
~(lep 12, (Ve )ve Vo (le, e revCle, 126 ))
Ist term = (1/(4k%)) Vp[Vo(e,e.)]
- /23Ty YT )+ (T ) (Tpe )]

Y s
2nd term = 5% VT leal4

-19-

.......

7 -

a'a’a

b

L P oaTe e 4
] S T
Latet

‘ P

*n s ‘n ‘s &’v

¢« f

- ,.,A,,. .

LA PR R
. . L
- o ‘s 's ‘&>

/‘_4

e L tyratiteret
e Ry
(IR ST ~ AP SO AN



A A S A
A.-". "1.1

s ® Y

PO

vy

Rs ‘ '.‘- ;‘n A fn.:n R

L4

A AR

1

Yai * * *
ard term = 2 {-|e, 1%, (Vpe )-ley % (Ve Ot le, 15vpley 12+e ey | Ve,

+

X
IealZVTleb|2+ea|eb|2VTea}

% £ 3
A ffey 1%, (Vpen)- ey [en (Ve +le, %e, (Voep)
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leg ey (Vpepdte,ley | 2(Tpe )¢ e, 1 ey (Trey)

+

+

E 3 *
e, 1%ep (Ve v, ey 12(Ve )}

*x b 3
-ai {2|ealzeb(VTeb)+2Iealzeb(VTeb)}

Y.:
2 2 ey *vpley 1)

Y.:
+[%Tlell+[—g—lelvlebl]

by analogy
oabe= [ L2 w.e ,25 J)- [(Viep) (Vjep )+ (Viep ) (T )]
92 4K T'T'"b T b eb eb b

¥bi

o[ Dy e, 1hyerz 2 lebIZVTlealzl

2, 427 2 2 2 2
but Vr[le 1%ley "] = le 1™ Voley1%+ley I“Virle, |
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NOTE: This can be expressed in form of Vps Tonly by vy, =y, = Y
Then
a = .
5z Jar * Jpp) =V - T

where Iij = -i,_ {(Viea)(vj e:)+(v ie:)(vjea +H(V leb(v f;)+(vie;)(vjeb)}

1 2 2 Yim 4 4
+ 4—k2v?r{|ea| eyl 216+ Uegiteie, 116,
2Y;
im 2 2
+ K Ieal lebl Gi]'
HE gy = ¥ =00 ¥y T Yy = Yy
3rd moment relation
a - - L)
52 [Trace T-ij] = VT Q.
1 " " Yim
= - - 4 '-~.'~I
Trace Ty = (2 (e )e  (Taede,d + Ty eyl e
1 * * Yim 4 i:“-,:_
i (Tep)e(Trepey) + =2 e, .
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im 2 2
e legl” eyl =@
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3 SI1T- Smakf Trew Colenfatious E.ov

8ne(p,n.t) = P(p,n,1)

h e(p,n,t)

o e(p,n, 1)

n
e(p,0,t) + g [ P(p,n',v)dn’
(o]

n T
e(p,0,1) - g f{sin[f e(p,n',v")dt']}dn’
[o] 0

e(p,n,t) = e(po,t) - g [ dn' - sin [ e(p,o0,t")dr’
(o]

o

T
e(p,0,1) - g n[sin [ e(p,0,t')dr']
(o]

- T
Tl e(p,n,t) = e(p,0,1) - g n f e(p,0,v)dr'
(o]

e(p,0,t) = A exp[-(t-to)zl exp[-pzl

- ]

8 =S e(p,0,1) =2n

-0

“l .V
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-
l‘ *
WAt

W B
g

e(p.n, 1) = 2yn exp[-p°] {exp[-(t-F 1 - gn fexp[-(t'-to)zldt'}(lo)
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(o]

l. l' l' l l' "

n T
= e(p,0,t) - g fdn'[sin®(t) - cos(gn' fdt'[sine(z")]) -
o] o}

T
- cose(t) - sin(gn' S dt'(sine(t")])] =
o

’l
"~.‘.

n T
= e(p,o0,t) - g sind(t) f dn' - cos [gn' S dt' sine(t')] +
0 o
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A

OV

n 1
+ g cose(t) f dn' - sin[gn' J dt' sin6(t')]
o) o

o
o
‘e
‘s

."f'f Ve
W, e

1
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= - : 2n”
€19 = &, - gn siné + g ; B, cosé

e, = 2Jn exp(-pz)exp[-(t'-to)zl

2, ¢ 2
e, = 2Jn e[-p”] f exp[-(t'-1D"] dr’
[o]

- 2, " L2
8 = 2Jn exp(-p”) f exp[-("-1)7] dt

T
Bl = { sin® dt'

0

T

(o)

32 = { 6cos® - dt'

o

T

By = S[-(sine) - 6% + (cose)e] dr

(o)

™
=Y
1

o

T
= f[cose(ﬁ—es) + sin6(-362)]

2 2 2

e = -4(1-p2)n +g U [4(1—p2)9cose + 4p°n” sinb] +
2

2

3p e1=8p{(2-p2)eor| -gl {ecose[(z-p2)+p262]- ezsin6(2-3p2)} +
2

,1.23

-3 gzﬂ3{52C059 -816 sin® + pz[esine(252+31) +

+ 0053(6231'83)]}
2

1 g% (cose(-28,0%42B,) - 2 sine(p,6+2B,0) +

+ pz(sine(ﬁle + 3326 + 3636 - 5163) +

+ cose(35193 + 36262 - By 1}

(22)

(22)

(23)

(24)

(25)

27
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(28)

(29
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3p e, = - 2pe_ + 2gnpecose + g2 []E (-2pB,c0S6 + 2pB, 6Sin6)

]T = ]E‘(elD . ap e & -apelD)

RN~ SRIRAOE

.".:-' - -1

:-_ .:,'. ¢ tan (Fel/elD)

- - 2_ .

ot ep = Jeo 2ne siné (49)
3, e = -zp(eg - nf)/eyp (51)
f= eo(sine + 6cos9) (52)
3, = (-20), (53)

- f, = e [36coso - (1-6%)sins] (54)

NS

}::_._; 3,8 = (-20)f, (55)

4% £, = e, [(76-6%)cos0-(1-66°)sine] (56)

-

ez-nf 2e 2-nf (e z-nf )2
V e, = -4-0 + 4 2[ o "1 _ "o ]
T ®1D e . 3
1D 1D 1D

(57)
e

R : 2 4

% 2 % 2
— oo =42 -[-1+20%] - 4% o2+
o) €1p 1D

2e
enl L 4?21
e
1

R 2 ,
Of+ 1 ) —2 1 (58)

e D &bp

1D

n
= (f)(V?rem)dn' (59)

&
o
t

o ey = [4e2(-1+20%)] 1;-[40%e]] T+[4CE-0%E)] 1, +
[40%(2e201 1 - [p%(atH] 1, (60)

-+

a+bn (61)

- _ 2
- a= eo (62)

Sy b= -2e c>sine (63)
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Perturbation
e’ Strong Beam e Weak Beam
Mathematically, this translates

e /e’ = 0s) ;

' 2p+1/ 2p+1 = 0(8);

+ + - ; -
P2p+3/P2p+1—D(6), w2p/w2(p+1) a(s),

and P, 3/P -0(62)

2p+3’ " 2p+l

Case A. (In the diffractionless limit (F =
the S.I.T. limit.)

+ _ + + 2 + 3+
e =e, 4—6e1 +c5e2 _+6e3
- - 2 - 3 -
e = Gwl +<5e2 +6e3
_ nt + 2.+ 2.+
Pp =P +8P); *+ 08P, 6P,
- - 2 - 3 -
P) = 6Py + 6Py 8Py,
+ _ + 2.t 3.t
Py = * 6Py  +8"Pyy + 6Py
+ _ 2+ 3 .+
- 2P- §3P
Py = *8T gy *t8 33
- 3p+
Py = 8 53
W =W +6W + 82W.o o+ 85W
o) 00 01 02 03
W, = + oW + 6%W..  + &8W
2 21 22 23
_ 2 3
W, = +6MW, + EOW
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9,80+ 3,650 Ppy
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- . p" W e+ whe
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Steady State
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BEST ESTIMATE FOR ONE DIMENSIONAL EQUIVALENT
TO DIFFRACTION LOSS «

~(i/F) Vg £ =k é

F o
([}

- (i/F)(Vg§)/€

{K>

o)
/o) S T /B V28 dp
0

. p
@ = Ci/<Ep 0§ R3S (0 3

0

p
1/ o) § X (1/pE)d [03E]
0

(i/<Eopy ) [(ue)g{;] Fpma-)&l/s)%ﬁ]ﬁq

P
- g ‘“a"pgﬁdu/pg]

0

$ince by cylindrical symmetry the on-axis field gradient vanishes, the second term
is zero.

r pmax
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with <g> the average gain across the beam.

s SN

N
k o

l’.-'-

cd
s .

o

4

.. - ALY

N R N N R

U "-‘,‘- %"'-' Nl e _--‘_..‘. <. '~.'_ PR A \'.. <
» [l .




XLy

s

_,v
l. _‘. l. ‘.
e

Rl
l..‘
‘s.!?"

P et
-4

‘.l

AT R

«

e
o+
¥

[ ', '.."

.
ARSIy

AACAD)

..
A

L

0
.
s

7
4 a a

a s "
XONRN?

"3/:

B

NN

"

0
.

)
-"’f

e

g
4

o

a

------

3
o e

S0l

T WO T WY WYY T O
e i e S A W)

EFFECTS OF PROPAGATION AND TRANSVERSE MODE COUPLING 529

' Fig. 34. Comparison of planar waves
(curve 1) with three-dimensional cal-
culations (curve 2) of the super-
fluorescence for the Cs experimental

(a) data. Note the lack of agreement
between the two theories with respect
to the ringing while much consistency

v occurs between diffraction calcula-
1 tions and experimental observations.

(b) (c) (d)

is needed to reduce the asymmetry and pulse width. But when re-
laxation terms are also included in the analysis and the densities
are adjusted within quoted experimental uncertainties, a rather
good agreement, (see Fig. (34)) is obtained between theory and
experiments for a unity J. These radial effects explain why the
observed ringing in superfluorescence is less than that predicted
by plane-wave simulations (see Fig. 34). Extensions of the present
simulations to two-way propagation and random fluctuation of the
tipping angle are planned. The agreemeat with experimental obser-

vations should be improved.’ [Recently, Bonifacio et alld also re-
ported the suppression of the ringing bv using coupled-mode mean-
field theory. However, their model does not encompass the propa-
gational effects substantiated by both experimental observation and
rigorous three-dimensional Maxwell-Bloch analysis.]

X. FLUID DESCRIPTION
Consider the polar representation of the field

e = A exp (+id) (13)




- e gun s Jaat-Sed A Ak Pt IS AN I R N L
L e e T S AR Lo gl g ARt AR TR ICA LR S s’
A R P A

o

"

e
I 530 F.P. MATTAR
Yhut
E;j with A and ¢ real amplitude and phase. Also let the nonlinear
s polarization of the RHS of equation (1) be written as
P = (xg * i Xpde + xygre, (14)
where XR and Xp are real functions of A. Using equation (13), one
. gets from equation (1) the tramsport and the eikonal equatioms
(o =k c/w)
0 0 /"o
9,2 2 l'mg 2
KoaﬁA +VT-[A vT¢]=-chIA, (15)
A-V2 4rw?
9 '1‘A 0
+ (Vo9)2 =f| = 1

The transport equation (15) expresses conservation of beam energy
over the transverse plane. When Xp = 0, total power is conserved

along the direction of propagation. The eikonal equation (16)
describes the evolution of the surface of comstaat phase. It has
the form of the Hamilton-Jacobi equation for the two-dimensional
motion of particles having unit mass and moving under the influence
of a potentialt? given by

1 -1 n

V= e — . (V2 - =
2k2 (TA)A 2 XR

] [+

if kozz is regarded as time coordinate and koxx' koyy as spatial

coordinates. Furthermore, if one adopts A? and V.0 as new depen-
dent variables, the equatiocns of motion become” similar to the
continuitg and momentum transport equations of ordinary hydrody-
namics25'26, By defining

-1
1=k, VT¢, and (17
p=a? (18)

and supposing X; = 0, equations (15) aad (16) can be written as

pA - Y2
e R AT ER R A LA N0 R A (19)
o] o
g% + Ty - (py) = 0. (20)
E T A ARSI AOR b
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ok These equations are the momentum and continuity transport equations __;
of a fluid with a pressure '!
] '..J
= P = (V2 BB 21) |
It should be emphasized that this pressure depends here solely on
- the "fluid density" and not on the "velocity". Equation (19) and
— (20) can be rearranged into
" 2 { . = _1— 1 -
%% o D) + Vpolowe) = o [ 3(V30) 1
g o
% 1 v Y2
-2 = 2p (TP)(Vpp)] + E p(7p), (22)
b
$‘_‘~ where I is the unit tensor.
b =
Loy
3:‘ XI. EQUATIONS OF MOTION FOR OPTICAL BISTABILITY
. | In the slowly varying eavelope approximation, the dimeasion-
- less field-matter equations* are
N + + *
s -1Fvge’ 425 4 28 = gt ¢ B explike)> (23)
“r at 3z
-vEe 425 . 2 L4t p e (+ikz)> (24)
o ™ % "% T8 xp
":: with g+, g as the nonlinear form of the gain experienced by the
::-: forward (e+) and backward (e’ ) traveling waves associated with the
S . pump. The quantities in the R.H.S. undergo rapid spatial varia-
tions; <°++> spatial average of these quantities with a period of
) half a wavelength
< 3P -t * e
‘:.- g * (-idQ) + 12 )P =+ {W(e +e )} (25)
~
X4 -1 - -
T W =-1eter) e (26)
" Equivalently,
:::: ap A ver= v o + . - .
- 5w ¢ (-i(&Q)+ty )P = W[e exp(-ikz)+e exp(+ikz)] @2n
4.'\' o)
*As an aside, the nonlinear interface bistability effect™ /|
” though potentially important, is not considered.
o
i
-
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A 1 o "

o g_‘: + T (We-W) = %(pe exp(ikz) + Pe” exp(-ikz)+ c.c.) (28)
f:é vith

A +
AN et = (ur /met (29)
x5 P
™ P = (p'/2p), (30)
oo = Re{etexp[i(wt + kz2)]} (31)
\":‘ ' and

;:::; P = Re{i p' exp(iwt)} (32)
- The complex field amplitude et, the complex polarization demsity p
o and the energy stored per atom W are functions of the transverse
e coordinate

!

o~

bR p = r/r,, (33)
= the longitudinal coordinate

-~ =

x> z=a,..2 (34)
:::2 and the physical time

N

AN T = t/tp. (35)

In the standing-wave problem, the two waves are integrated simul-
.. taneously along the physical time, as contrasted to S.I.T. retarded
] time.50 Otherwise the physical parameters and variables have the
) same meaning.
i

A . The presence of opposing waves leads to a quasi-standing wave
pattern in the field intensity over a half-wave length. To effec-
tively deal with this numerical difficulty one decouples the mater-

f::'.‘ ial variables using Fourier series!®’19 pnapmely,

< ., -

>~ Pzexp(-ikz) ZOP(ZPH)exp(-inkz)+exp(+ikz) 20P(2p+1)exp(+i2pk:)

= p=

- (36)
A :: ®
. W= Wo + 2 [WZ exp(-i2pkz) + c.c.] (37)

et - P
oy p=1
W
‘:j ~°
A N
h \J |
RS N
» b
:
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F with ¥_ a real number. Substituting in the traveling equation of ot
- motion, one cobtains
+ + - + -
3 3, P] +Pi/ty =We + e (38)
. oo, ot -,
+ + - + -,
.\_ at P(2p+1) + P(zpﬂ)/tz = Vzpe + Wz(pﬂ)e ; and (40)
2 3, BT+ PI/T, =We +We (41)
n 1200 Uhid Ul Ty’ S o
™ - . . * +
. 3, By + By/Ty = Wye + We (42)
% - - - ¥ - % +
X % Plapr) * Prapeny/T2 ¥ Vp* * a1 (43)
N - 1, -* _- + _4
. AN #(W W)/t = -5(e” P +e P]+c.c.) (44)
s.‘
-_1-*1- +k_4 + =k - _ok
4:: AN, +Wy/t = -35(e Py+te PyteP +e P) (45)
N
AN _-1-*+ + _+ $ ok ok _ok
digp * Wy /Ty == 3(e By ve By te By, te Pyp+1)(46)
L]
) The field propagation and atomic dynamic equation are sub-
u.i Jected to the following initial and boundary conditions:
"
::3 1. INITIAL:
N .
- for t>0
3 =0 (1)
Wo=W o, (48)
where V: is a known function to take into account the pumping
effects. For S.I.T. or soliton collision
4 Plope1) = O for all p (49)
"{ vhile for the superfluorescence problem
a
N
s
of
4
X
J
-

----- -, v
-

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
»
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oL

.-. ,p’ézp 1) (50)

2 is defined in terms of an initial tipping angle GR.

‘1:‘.*

o 2. LONGITUDINAL

':'. For z=0 and z=L: e’ and e  are given in terms of a known
~ incident function

¥ °10 (51)

i and

o of T and p.
> If enclosing mirrors delineating the cavity are used in the

*}._ analysis, one must observe the longitudinal boundary equatioas
b S -

*-Z e = J-1;) e * JRi e at z=0 (53)

&, : e = J(-Kz) ey + JRe e’ atz=1 (54)
e where R;, Rz, (1-R;) and (1-R2) are the respective reflectivity and

1‘1 transmitting factor associated with each left and right mirror.
.

3 3.  TRANSVERSE

L 5L

= For all z and t [aet/ap]gBo and [aet/aa]pzpmx vanish. The

o previously described transverse boundary conditions (Section II)

FC apply here for each of the fields.

"::: . It is noteworthy that the presence of the longitudinal mirrors
5\» will enhance the mutual influeance of the two beams. Variations in

¥y polarization and population over wave-length distances are treated

by means of expansions in spatial Fourier series, which are trun-

" cated after the third or fifth harmonic. The number of terms

j peeded is influenced by the relative strength of the two crossing
- beams aund by the importance of pumping and relaxation processes in
% restoriag depleted population differences.

- XII. CONCEPT OF TWO-WAY CHARACTERISTICS

::: An easy way to visualize the mutual influence of the two cc._)un-

:’:-.: ter-propagating beams is to imagine their respective information

':. carriers in the traveling wave description.

; For a light velocity normalized to unity (c/n = 1), by intro-
] ducing

i

N

o

4,‘-

-

D)
t

v
!
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t=3 (t-2) and 0 = 3(t+z) (55) -]
or equivalently .*
t=n+¢ and z=n-¢, . (56) *

one obtains the new derivative as

a _1/3 .3 a3 _179 _2 . (57) ™
wet(mrm) =  Hi1F-® !!I
Consequently 3
3 .3 _2d 3 3 _9 o
E’ﬁ—rﬂ ’ a'E' E-EE - (583) #

The field equation reduces to

- + .
¢ _ .o2.~.p" . de’  _ ..o ¥ .t
5;— = lv.re + a'q— = I.V.re + . (58b)

This means that the field is integrated along its directional
characteristic path. With the polarization having a dynamic func-
tional dependence on the total field the full Bloch equations are
required. Furthermore the two oppositely traveling waves must be
integrated simultaneously. :

2D S TN AN (59)

An example of one of the material (Blach) equations is

+ »
) 2o ) M + + 4 -
T tE N B = S LB R Bt (60)

By identifying as outlined in Courant and Hilbert [50], the charac-
teristics variable, namely

£ =E(s) and n =n(s) , (61)

.z-.i.;' _(" ety
"

or equivalently

£=§s and (62)

s }
]
s |
]
(7]

one obtains

...........
--------

----------

..............
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gé =+1 and gg = -1 (63)

which simplifies the Bloch equations as follows:

2,
5 WPt (64)

2erdr IR

AR

“
.
)

.0
>

which can be rigorously34’3% integrated to give
s+As

P (s+as) = P, (s)exp(-as/ys) + [ {exp(-(s-s')Y]S (s')ds'} . (65)
s

Illustrating the method of solution (see Fig. (35), arrows
indicate integration paths for reducing differential equations to
finite difference equations. Paths AB are used for Field Equa-
tions, and while Paths CB are used for Material Equationms.

T Fig. 35. Illustrates the
8 . two-way characteristic and
¢ =l the basis of the computa-
a1 P tional algorithm.
A Cc A
AZsCOT/n

XIII. THE LAW OF FORBIDDEN SIGNALS

The effect of the physical law of forbidden signals on two-
. stream flow discretization problems was applied by Moretti to the
integration of Euler equations24’43,

For causality reasons, only directional resolution for spatial
derivatives of each stream (forward and backward field) must be
sought. This is achieved by using one-sided discretization tech-
niques. The spatial derivative of the forward field is discretized
using poiats lying to the left as all preceding forward waves have i
propagated in the same left-right direction; while thae backward ‘.
field is approximated by points positioned to the right. As a )
result, each characteristic (information carrier) is related to its .
respective directive history. Thus, violation of the law of for-
bidden signals is prevented.

In any wave propagation problem, the equations describe the N
physical fact that aay point at a given time is affected by signals
8

................... .
- - - e e
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sent to it by other points at previous times. Such signals travel
along lines known as the "characteristics" of the equations. For
example a point such as A in Figure (36) is affected by signals
emanating from B (forward wave) and from C (backward wave), while
point A' will receive signals launched from A and D. Similar wave
trajectories appear in the present problem, but the slopes of the
lines can change in space and time.

Fig. 36 Displays the role of character-
istics as information carriers.

The slopes of the two characteristics carrying necessary
information to define the forward and backward propagating vari-
ables at every point, are of different sign and are numerically
equal to #c/n. For such a point A, Figure (37), the domain of
dependence is defined by point B and C, the two characteristics
being defined by AC and AB, to a first degree of accuracy. When
discretizing the partial differential equations, point A must be
made dependent on points distributed on a segment which brackets
BC; e.g., on points D, E and F in Figure (38). This condition is
necessary for stability but must be loosely interpreted. Suppose
that one uses a scheme where a point A is made dependent on D, E
and F, indiscriminately (this is what happens in most schemes cur-
rently used, including the MacCormack method). Suppose now, that
the physical domain of dependence of A is the segment BC of Figure
(38). The information carried to A from F is not only unnecessary;

Fig. 37. Illustrates the

T 'Y A . . concept of the law of for-
‘:/\‘:' bidden signal for two-stream
3 3 C F 7 with characteristics of dif-

ferent sign.

Fig. 38. Illustrates the
concept of the causality

T[ :__’/‘. Lo for two-stream flow with
: = = characteristics of same

0 8 [ £ (identical) sign.

it is also undue. Consequently, the numerical scheme, while not
violating the Courant-Friedrick-LevyS* (CFL) stability rule, would
violate the law of forbidden signals. Physically, it is much
better to use only information from D and E to define A, even if
this implies lowering the nominal degree of accuracy of the scheme.

a2 s

[ S T A
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The sensitivity of results to the numerical domain of depen-
dence as related to the physical domain of dependence exglaxns why
computatxons using integration schemes, like MacCormack's®“, show a
progressive deterioration as the AC line of Figure (38) becomes
parallel to the T-axis (Ay+0), even if A; is still negative. The
information from F actually does not reach A; in a coarse mesh,
such information may be quite different from the actual values
(from C) which affect A. On the other hand, since the CFL rules
must be satisfied and F is the nearest point to C on its right, the
weight of such information should be minimized. Moretti's A-
scheme, relying simultaneously oan the two field equations provides
such a possibility. Everv spatial derivative of the forward field
is approximated by using points lying on the same side of E as C,
and every derivation of the backward-scattered field is approxi-
mated by using points which lie on the same side of E as B. By
doing so, each characteristic relates with information found on the
same side of A from which the characteristic proceeds also such
information is appropriately weighted with factors dependent on the
characteristic's slopes, so the contribution of points located too
far outside the physical domain of dependeace is minimized.

A one-level scheme which defines

gﬁ. = (e - eD)/Az (forward wave) (66)

g;‘ = (e; - eg)/Az (backward wave) (67)

is Gordon's scheme [53], accurate to the first order. To obtain a
scheme with second-order accuracy, Moretti considered two levels,
in a manner very similar to MacCormack's. More points, as in Fig.
(39) must be introduced. At the predictor level following Moret-
ti's scheme one defines

de’ + .+ .+
35- = (2e5-3eD+eG)/Az (forward wave) (68)

'™ .

g;- = (e;-eé)/Az (backward wave) (69) o

B

)

—

T 4 ’4‘- /-3-' o
M A IN p o

or l Fig. 39. Displays o
3 the computational -

3 9 v F Z grid for the A- -

* scheme. iy

-

2

®

AT T R
'nL‘i:_‘ o* ,‘-\L‘\.‘l 1.‘1- B A P AR I




<
2 146
.‘_\:
NN
s
§ﬁ EFFECTS OF PROPAGATION AND TRANSVERSE MODE COUPLING 539
s
{.:3' At the corrector level, one defines
. “4
XA g—:— = (:; - :;;)/Az (forward wave) (70)
roe
S and
ol 2e” 4T e
N 5o = (<25, + 3q) + &)/Az (71)
\‘ It is easy to see that, if any function £ is updated as
if T=f+f a (72)
N
AO . at the predictor level, with the t-derivatives defined as in (23)
. and (24) and the z-derivatives defined as in (68) and (69) and as
AR -1 v
i £(t+ae) = 5 (f+f+f At) (73)
{':I . at the corrector level, with the t-derivatives defined again as in
A (23) and (24), and the z-derivatives defined as ia (70) and (71),
N ) the value of f at 't+At' is obtained with second order accuracy.
The updating rule (72) and (73) is the same as in the MacCormack
- schenme.
oy
?u'-' ‘ At the risk of increasing the domain of dependence, but with
::,E the goal of modularizing the algorithm, three- and four-point
i estimators were used for each first and second derivative respec-
S d tively. Moretti's algorithm was also extended to non-uniform mesh
to handle the longitudinal refractive left and right mirrors: the
3 - same one-sided differencing is used for both predictor and correc-
Y tor steps. Nevertheless, the weighr.s derived, using the theory of
N estimation, (presented by Hamming33), have improved the order of
N accuracy of the spatial derivative estimator at both predictor and
,-:-. corrector levels. 1In particular, the derivative estimators are of
second order instead of first order as in Moretti's A-scheme.
Specifically, these weights are derived using a development in
Xl terms as a sum of Lagrangian polynomials at a set of points. As a
:t‘:' result, the overall accuracy of Moretti's predictor/corrector
g scheme was increased’® from second to third order. Either forward
WY or backward longitudinal derivatives at both predictor and correc- :
- tor stages are given for the point X1 Xy and Xy as: .
y D =!/2x1-x2-x3 X 74 xl-x2> (76)
(A ’ " ’
5N AN my(%y) T3 (xy)
N
i X,=X 2%, X, =X X,~X
D, = <n2(x35 AN = e 1> (75)
AN 11 2'72 373
.\:; X
o
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83-x2 X3°Xy sz-xl-xz
ch ("11"15 Y €Y B LACH) > (76)
3
with uj(x) = 10 (x-xi) 77)

i#j=1

Here Dl’ D2 and D3 represents forward, central and backward differ-

encing estimators for the (first-order longitudinal spatial) deri-
vative. :

XIV. TREATMENT OF LONGITUDINAL BOUNDARY

When treating any point within the cavity or at either longi-
tudinal boundary (where a partially reflecting mirror is situated),
there is 0o problem. For example, at 2 = 0, e is determined by
equation (53) and not through previous predictor/corrector formulas
(68-71), as only e is calculated at z = 0 in that predictor/cor-
rector maaner (68-71). However, for a point one incremeat (§=Az)
from the left mirror, one encounters difficulties calculating the
forward wave. The second needed point, which is vital to the
foraulas, would fall outside the cavity. An identical difficulty
arises from the counterpart backward wave with respect to the right
hand mirror. The field traveling from the right is defined at z =
L by equation (54).

To deal with this situation one has to modify the predictor/

corrector schemes so the increment "62" is used instead of §. The
loss of that second point reduces the accuracy of the derivative
estimator. To maintain the same order of accuracy near the mirror,
one must compensate for this loss by reducing the mesh size.

XV. NUMERICAL PROCEDURE FOR SHORT OPTICAL CAVITY

An alternate procedure to carry out the computation is to
integrate the field along the longitudinal propagational distance.
This appreach is particularly attractive for a short cavity. It
vas developed with the help of McCallS? as an attempt to relax the
restrictive relation between the temporal t and spatial meshes z
;nd r. It is presently being implemented and will be outlined

eze,

The reflecting effect of the partially refracting mirror can

be built into the determining equations. Forward and backward
field and polarization terms will appear explicitly as driving

ama‘a_a a4 SN S ]



AR

S

|

",.
4{‘..4’ L

s

3
a

A &

7

."!..:.#‘f.

Fys
EY
P4 l.*l,} F

EFFECTS OF PROPAGATION AND TRANSVERSE MODE COUPLING 541

sources in each traveling field equation (see Fig. 40). One can
readily contrast the two physical situations of long and short
cavity. To illustrate the methodology the diffraction is neglec~
ted. For no reflection, the fields are described by

z !
e’ (tar,2) = &¥(r,z-cat) + f dz' PY(erar - X, 2) (78)
z-cAt
vhich applies if z > cAt. Also
z+cAt

e (t+At,z) = e (t,z+cAt) + [ dz' P (t+ar + X | 2') (79)
z

applies if L-z > cAt. For one reflection, the fields are obtained by

+ z + z-z'
e (t+At,z) = JTeIo(t'*At. - zfc) + J' dz' P'(t + At - ==, 2')
cAt-z
+ Jﬁe'(t,cAz-z) + Ji'f dz' P (t+At- -—- z2') (80)
whepever z < cAt, and if L-z < cAt, then one reflection
e (t#At,z) = JTeIL(t+At - L.c—z) + ./R‘eiB e"(t_,zL-z-cAg)

L ot
+ fdz' P(eear + 25 2)
k4

a0 L '
+ Re"ﬁ [ dz' P+(t+At. - Z-I‘-:—'z , z2') (81)
2L-z-cAt

In all of the abave it is assumed that cAt < L (soc that two re-
flections cannot occur in time At). To correctly include the
influence of diffraction, appropriate weighting coefficients must
be used as summarized below:

(1) For no reflection-correct by 3 Vz(e cAt),

Nl--

V2(e"
T(e cAt)
(2) For one reflection-

(a) Term qf‘l'_em only propagates z (cAt > z) so correct only by
z %%

PR AN -
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z
(b) Term J’ dz' p* goes a distance of an average of (i)z, correct
by i Vz

(¢) Term e (t,cAt-z) goes a distance of cAt; full correction by
cAt-z

’ cAt-z
(d) Term R [ dz' P~ goes

0
cAt+z
_2__ vz

cA:-z + z; correct bya distance of

(e) Term {T goes f_]_:l’._ goes a distance of (L-z); correct by
(1/2)(L-2)v3

(f) Tem .I'ﬁ'eiﬁ e’ goes full distance; correct % cAt V,"l’.
L o- L-z
(g) Term [ dz' P goes a distance of =5~ ; correct by
2z
%- (L-2) Vz

(h) Term (K eiP f dz' P* goes a distance of g__Z_)_*LA_ on the
2L-z-cAt

average; correct le%—AE V%

and similarly for any time correction.

Instead of the usual predictor/corrector weighting of 1/2 for
each of predicted and corrected values, a more complicated proce-
dure must be used.

A

XVI. TWO-LASER THREE-LEVEL ATOM o

An extension of the SF calculations preseanted in Section IX e
should include such pump dynamics and its depletion on a three- w
level system similar to the model suggested by the Bowden et als? -~
The simulation of the dynamic interactions of two intense, ult’a- o
short laser pulses propagating smultaneouslv through a gas of ::-'-.
three-energy level atoms was considered®? The rigorous diffrac- O
S~
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tion and cross-modulation interplay of the two laser beams with the
inertial response of the doubly resonant medium is studied using an
extension of the numerical algorithm developed for SIT analysis.
It is expected that by altering the pump characteristics, one
encodes information in the pulse that evolves in the nonlinear
media resulting in a light by light control. An intermediate study
will be Double Coherent Transients®1’62. Another benefit of this
study would be an analysis of Wall's®3 scheme for optical bistabil-
ity in a coherently-driven three~level atomic system. However,
some material equation modifications must be made as the novel
mechanism relies on the nonlinear absorption resonances associated
with a population trapping, coherent superposition of the ground
sublevel. When one defines dimensionless variables in a parallel
manner to SIT, the physical problems are described by the following
equations: tPa and tpb are the pulse ) of laser a2 and laser b
respectively. Q is the quadrupole slowly varying envelope.

MFVie, L *3 e =g By (82)
vith

8a.p = Wy/ty) (/)2 ' (83)

3P, =e W-i(M)P, - B/t +ieq (84)

3P, = e ¥,-i(80,) By~ B/t - § €h Q (85)

3,0 = ~1((40,+40,)1Q + § (e, Py=e, B)) = U/Ty,, (86)

atw a %(e: Pate, Pj) - (W’-H:)/th * 21.'(": Pyte P:) (87)
3N b7 - Uy By ¥ ey By) - (/T + ey B, v e, B (88)
If one uses the identity

wa + "b = wzb (89)

a further equation (not absolutely pecessary) is intreduced:

altwal:u =+1/ a[(ejpa”apa) + (Q:Pb“bpz)] - (wab°w:b) / Tab (90)

when w:’b and W:b are the equilibrium values of wa,b and wab'

subjected for infinite relaxation times to a conservation of proba-
bility

-----------
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at{lp‘lz + |Pb|2 + |Q|2 + (wi + w% + wib)} = zero. 91)

Equivalently:
2 2, 1012
12,12 + 1B,12 + 1012 + 2/3(0n2,)
. 2 2 2 .
=18, 12+ 1y 1% 41007 ¢ 2308 WE WS ). (92

a,i ,i ab,i
Figure (40) illustrates Wa, Wb and wab as a function of time

for a particular radius in the reshaping region.
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Fig. 40. Contrast of the material energy for a double self-induced
transparency calculation.

Numerical Refinements

If the two laser beams which propagate concomitantly are se-
verely disparate from each other, the normal stretching technéque
must be generalized into a double stretching transformation®%® to
ensure that the aocauniform temporal grids simultaneously match the
two different pulses. No spatial rezoning is as yet designed.

Prescribed Double Stretching

Due to the essential nonlinear nature of the ccoperative
effects associated with a cohereat light-matter interaction, dif-
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ferent speeds are associated with pulses of differeat strengths.
So particular attention must be given to deal effectively with two
concomitant longitudinal speeds (one for each laser). Mathemati-
cally this is

T=at +Db sin mst

aT
T a+t+th ms cos mst

and is shown in Fig. 41. Evenly spaced grid poiats in T are clear-
ly related to non-uniform variable grid points in the physical time

T.
&1
I
’ -
v & Fig. 41. Displays the pre-
] scribed double
: : stretching.
! I
Tt : Te : ¥
o Tt} memman} |
Tr2 :
Te2 e}
w, 0 n/2 n 3n/2 2n
cos w T 1 0 -1 0 1
aT/dv a+ bms a a- b”, a a2+ bms

For Wt =n, aT/3t is minimum.

Several noteworthy facts must not be overlooked, i.e., (i) w,

:~;: is related to the frequency of oscillations; and (ii) the stespness
of the slopes must depend on the concentratioa points.

The various stretching parameters are given by
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aT aT
/2 [ﬁlmx + ﬁ'nin]

. 3T, T
{t/2 u} [ﬁ'm ﬁ'-in]

u»s(1:¢2 - tcl) z 2N = w, T, = 2n

b

1f %4 increases, w, decreases - a smaller frequency yields to a
larger b, if 4 decreases, we increases - a larger frequency yields
to a smaller b parameter.

To ensure monotonicity of the function T in t (so that multi-
valued possibilities are excluded), am importaant condition which
sust never be violated (see Fig. 42), is

::%lmi(a-lﬂ))O'

Fig. 42. Displays the li-
¢<0 mitations on the parameter
T o choice to the double stretch-
ing transformation.

2
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Adaptive Double Stretching
Following the spirit of adjusted stretching for a single

o
pulse, described in Section V, the sampling frequency wg can vary il
along the direction of propagatioca . ﬂ
Prescribed Triple Stretching E::j

For a correct treatment of the pulses propagating concomi- o
tantly while one of the two lasers may have brokea up into two T

small pulses, successive double stretchings are applied

Step 1 L‘:sz-'-Bx

R .

------- T LR
-
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:§: ,
o from x=x2,§=§°=Ax2+Bx2
- - - acl
-“‘.J X = 3, c - 2;0 - Ax3 + Bxa
acd
-7:.:‘; and x=0, C = 0.
L)
.'::"' CI'C2=;2'§3=0’§1
o3
o - 2 .2
# one gets, A= 5(—?-—2}_2; and B = EQLZ:(%% ;
1 X X, (X5=X4 X,X5(x,°%y
ool .
Iy . Step 2 Y=af+bsinw {
el Cumulative step Y= a(sz + Bx) + b sin w, (sz + Bx)
el = a(2x A + B) + bwg (2Ax + B) cos (Ax® + B)
7.
DA = (2ax +B) (a + bu, cos (Ax2 + B)) .
.-:i,:'. The coefficients axe readily found (see Fig. 43).
A
4
o
W) Fig. 43. Illustrates a pre-
e scribed triple stretching.
LS
Y
wY R
~% »
.
v d
<
XVII. CONCLUDING REMARKS
AAl
e Most of the features of the numerical model used to study
< temporal and transverse reshaping effects of single and multiple
L short optical pulses propagating concomitantly ia active, non-
- ! linear, resonant media have been presented. The calculations
strive to achieve a rigorous analysis of this nonlinear interaction
with maximum accuracy and minimum computational effort. The appli-
(X cability of computational methods developed in gas and fluid dy-
fsj namics to the detailed evolution of optical beams in noalinear
vy media have been demonstrated.
oL, ¢
f:-} By introducing adaptive stretching and rezoning transforma-
tions wherever possible, the calculations improved coasiderably.
22
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In particular, self-adjusted rezoning and stretching techaiques
consisting of repeated spplications of the same basic formulae were
revieved as a convenient device for genmerating computational grids
for complex nonlinear interactions. The techniques are well-suited
for each programming because the mapping functions and all related
derivatives are defined analytically as much as possible. Enhance-
sent of speed and accuracy was realized by improving the integra-
tion technique/algorithm which was general and simple in its appli-
cation compared with its asalogue, the two-dimensional Lagrangian
approach42,

This method was applied to a number of SIT situations with and
without homogeneity in the resonaat properties of the atomic medi-
us. Note that the theoretical predictions defined with the single
stream SIT code, when applied to absorbing media, were gquantita-
tively found®¢ by independent e?erinental observations®S, and
recent independent perturbational®® and computational analysis®7.
The design of the first of these experimeats dealing with sodium
vapor, was based on qualitative ideas, quantitative analysis and
gumerical results obtained with the code described in this paper.
More recently, King et al also reported®® the experimental observa-
tion in iodine atomic vapor of the coherent oa-resonance self-
focusing. . This is a novel manifestation of the phenomenon as it
deals with a magnetic dipole instead of an electric dipole moment.

Also, the severe beas distortion and on-axis pulse break-up,
when the problem of transverse boundary is rigorously addressed,
was observed in high power lasers used in Laser Fusion experiments.

With the help of Gibbs and McCall, we have resolved thc major
discrepancies between planar calculations (as done by Hopf et al®?) )
and the Cs exgerinental observations. The main sources of these
discrepancies®’ were the occurrence of transverse effects ia the B
experimeants and the uncertainty in the tipping angle values. -

Optical bistability shares with the previous SIT and SF the )
same basic physical features; however, the initial aad boundary .
conditions are different and complicate the problem. Nevertheless,
the similarities predominate; therefore, a unified numerical des-
cription with some modificatiocns cam apply to all these problems.
This new computational approach, based on the concept of absolute .
consistency of the numerics with the physics, should be successful. B

ADDENDUM

An alternate solutioa to eliminate rapid oscillations from the
two-mode Bloch equation without recourse to harmonic expansicn
could be to adopt Moore and Scully’! multiple-scaling perturbation

.t T v et w'.-«' ST T '-"'~_"'\ ‘.‘\""--\.'~\.l‘.'.\ PRI
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expansion. They have applied the techniques of multiple-scaling
perturbation theory, described in hydrodynamics textbooks, to the
free-electron laser problem and the pico-second transient pheno-
msena.
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TRANSVERSE AND PHASE EFFECTS IN LIGHT CONTROL BY LIGHT:
PUMP DYNAMICS IN SUPERFLUORESCENCE

F. P. Mattar®

Mechanical and Aerospace Eagioeering Dept., Polytechnic Institute of New York, Brooklyn, NY 11201
and Spectroscopy Laboratory, Massachusetts Institute
of Technology, Cambridge, MA 902139

acd
C. M. Bowden

Research Directorate, US Army Missile Laboratory
US Army Missile Command, Redstone Arsenal, Huntsville, AL 35898

and
Y. Claude and M. Cormier

Dept d'Imformatique, Université de Montreal, Montreal, PQ, Canada
Abstract

Calculational results and analysis are presented and discussed for the effects of cobereat puamp dy-
oamics, propagation, transverse and diffraction effects on superfluorescent (SF) emission from an optically-
pumped three-level system. The full, co-propagational aspects of the injected pump pulse together with the
SF which evolves are explicity treated in the calculation. 1t is shown that the effect of increasing the
injection signal area exhibits a similar effect on the evolved SF delay time as either increasing the gain,

or P.l, (F is the Fresnel number per effective gain). All else being equal, it is demonstrated that altera-
tion of the temporal as well as radial shape of the injected pump pulse has a profound effect upon the shape
of SF as well as the sharpness of the rise of the pulse, its delay time, peak intemsity aand temporal width.
For conditions of sufficiently large gain and large injection pulse area, SF which evolves and the propa-
gating pump pulse eventually occur in the same time frame (overlap). It is shown that under these condi-
tions the SF can be significantly temporally narrower than the pump and of significantly larger peak iaten-
sity. Thus, by choosing the shape of the injected pump envelope and/or its area, the SF shape, delay time,
peak intensity and temporal durstion can be altered. Thus, deterministic control of the characteristics of
the evolving SF pulse is demonstrated by selecting appropriate characteristics of the injected pulse signoal
at a different frequeacy.

Introduction

Superflucrescence[l] (SF), is the dynamical radiation process which evolves from a collection of atoms
or molecules prepared initially in the fully inverted state, and which subsequently undergoes collective,
spontaneous relaxation(2]. Since Dicke's early work{2], much theoretical aand experimental effort has been
devoted to this subject[3].

With the exception of the more ‘receant work of Bowden and Sung{4], all theoretical treatmeats have dealt
exclusively with the relaxation process from a prepaved state of complete inversion in a two-level manifold
of atomic energy levels, sad thus do not consider the dynamical effects of the pumping process. Yet, all
reported experimental work(5-10] has utilized optical pumping on a minioum manifold of three atomic or
molecular energy levels by laser pulse injection into the nonlinear medium, wvhich subsequeatly superfluo-

- rasces.

It vas pointed out by Bowden and Sung{4] that for a system otherwise satisfying the conditions for
superfluorescent emission, unless the characteristic superradiance time(1}, Tas is much greater than the

pump pulse temporal duration, v _, i.e., LY >> tp’ the process of coherent optical pumping on a three-level

system can have dramatic effects on the SF. This is a coandition which has not been realized over the full
range of reported data. Also, Bowden and Sung's analysis was restricted to the uniform plane wave regime;
it caanot account for the inevitable spatial and temporal beam energy redistribution (as in physical
system). Transverse fluency is associated with radial density variations and diffraction coupling, it leads
to communication among the various parts of the beas.

In this paper, we present calculational results and analysis for the effects of coherent pump dynamics,
propagation, transverse and diffraction effects on SF emission from an optically-pumped three-level system.
The full, nonlinesr, co-propsgaticaal aspects of the injected pump pulse, together with the SF which evolves
are explicitly treated in the calculation. Not ounly do our results relste strongly to previous calculations
and experisental results in SF, but we introduce and demonstrate a new comcept in nonlinear light-matter

* Jointly supported by the US Army Research Office DAAG29-79-C-0148, the Office of Naval Research
N000~-14-80-C-0174, and Battelle Colombus
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interactions, which we call light control by light. We show how characteristics of the SF can be controlled
by specifying certain characteristics of the injection pulse.

LY R

Equations of motion

g The model upon which the calculation is based is comprised of a collection of identical three-level ?Q
N atoas, each having the energy level scheme shown in Figure 1. The 1 «* 3 transition is induced by a coher- i
'\-‘ ent electromagnetic field injection pulse of frequency w, nearly tumed to the indicated transition. The gy
. properties of this pumping pulse are specified initially in terms of the initial and boundary conditions. ‘1
- The transitior 3 +» 2 evolves by spoataneous emission at frequency w, . It is assumed that the epergy level Ry
.. spacing is such that ey > ¢y > €, %0 that the fields at frequencies w, and w can be treated by separate S
wave equations. The energy levels 2 «+ 1 are not coupled radiatively due to parity comsiderations, and k
o spoutaneous relaxation from 3 +«+ 2 is simulated by the choice of a small, but nonzero imitial transverse .
~ polarization characterized by the parameter Qo - lo-‘. Qur results do not depend upon nominal deviations of _-f )
~ o
", this pacrameter. The initial coandition is chosen consistent with the particular choice of Qo, with nearly ~
: all the population in the ground state, and the imitial values of the other atomic variables
-, chosen consistently{4,11]. -
- We use the electric dipole aand rotating wave approximations and couple the atomic dipole moments to .
< clasical field amplitudes which are determined from Maxwell's equations. The Hamiltonian which describes N
-, the field-matter interaction for this system(4)] comprising N atoms, is, "
" e
" 3 “i(wt - k°r. . i(wt - k- N Y
: Kk 2 e a1 W SETER) g 00T y‘ 2 1o P “I
¥ . =1 jal rj rr 2 =1 23 2
“ »
-1(ut-k ) iwt -~k °r.)
:: X e “R(j) (j) e ° -0 =j 1, (1)
.J
1 The first term on the right-hand side of Eq. (1) is the free atomic system Hamiltonian, with atomic
q level spacings ‘rj’ r=1,2,3; j=1,2,...,N. The second term on the right-hand side describes the interac-
. tion of the atomic system with the fluorescence field associated with the 3 «* 2 transition, whereas the
last terms on the right in (1) described the interaction between the atbmic system snd the coherent pusping
'_: field. The fluorescence field sad the pumping field have smplitudes QU) and "’1(11) ‘respectively, in terms
-:: of Rabi frequeacy, at the position of the jth atom, -‘-j' The respective wvave vectors of the two fields are k
.; and ko and the carrier frequencies are w and w,. It is assumed that the electromagnetic field amplitudes
:- - vary insignificaatly over the atomic dimensions and that all of the atoms remain fixed during the time frame

of the dynamicsl evolution of the system.

The atomic varisbles in (1) are the canonical operators (4] R(j) vhich obey the Lie algebra defined by
the commutation rules [12-14]

(=) (n) = (-) (m)
Lt J=r" 8 25%a = 2y Six%an (2)

O LA

i,j, = 1,2,3; a,0 = 1,2,...,§. The Rabi rates, Q(j) and ml(‘j) are given in terms of the electric field
amplitudes !(j) and I:gj), respectively, and the matrix elemeats of the traasition dipole moments, pg..) and

A
- u(j)

K 3

; 4 (5

) 1 BT My

) R (3a)
. 1) . e i ' (3b) -
v o . e
‘o N
- vhere we have considered only one linear polarization for the two fields and propagation in the positive z ‘-;.\‘
~ direction. _1
e It is coavenient to camonically transform (1) to remove the rapid tme variations at the carrier fre- :\'
= quencies w and w_aad the rapid spacial variations in the wave vectors k and k . We assume “hat the field ﬁi
= envelopes ﬂ(j) and u‘(‘j) vary much more slowly than the periods w -1 and uao.l, respectively. In the trans- -__.-1
: ;':.:1
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:‘:‘ formed representation, we are thus dealing with slowly varying field amplitudes and atomic operators. The
s desired transformation U is unitary and is described in ref. 12.

'. -~ -

e i=unv!

g The equations of motion for the atomic variables are calculated from the transformed Hamiltonian ac-

. ) cording to g
. -~
NI (4 () 9
- il R = [Hp, Ry ] ) ;
-: This set of equations constitutes the equation of motion for the density operator § for the system in the
LS . slov-varying operator representation. By imposing the canonical unitary transformation, we, in fact, traas- RN
“. formed to a slow-varying operator representation which is consistent with the slowly-varying eaveloped -4

' approximstion to be imposed later on in the Maxwell's equations coupled to the hierarchy of nonlinear, !.]
P, first-order equations, (5). .
‘ The followiang hierarchy of coupled nonlinear equations of motion is obtained for the atomic variables: 'j;
L 2(3) . 1 (3) Q) *(§) (J) 1 (3) (i) *(j) (i) (§) _ z(e)
: Ryy' =3 @7 Rpp" + @0 R3] v 3 lwg” Ryy” vup T Ri3T) -y [Ry3T - Ry, (6a)
— (1) .. 1 (3) (1) *(J) i)y . (1) . gqie)
== 7 @7 R + @ R3TT -y, (R - RTl (6b)
.,. +
] 2(3) . . 1 (,(3) RUi), *Q3) o(i)y . (3) _ gq(e)
q Ry *- 7 bt By e B3l oy By =Ryl (6c)
X a(3) () p(3) . 1 o*G) (p(3) _ g(I) 1 *(§) () _ (i)
b Ryy” =8 Ryp" + 3 107 [Ryy" - Ryg'l + 3w " Ry’ - ¥y Ryy” (64)

. 2(3) o . A(3) - 1 g*d) () . (i)
i Riz’ =16 Ry - (@77 Ry v ug’” Rypl - vy Rpy™ (6e)
e _-".
" () | (3 g , 1 o) J 1 G p(i) L glidy ., gD e
X Ri3” 187  Ryy" v 3 0T Ry, -3 uwg [RyyT - Ryl - vy Ryt (62
-~ In Eqs. (6), we have added phenomenological relaxation Y11 and dephasing 7,( and taken these to be uniform, oo

i.e., the same parameters for each transition. For the diagonal terms, Rki)’ the equilibrium values are

¢ designated as R{;), ~he ssme for all atoms.

: Since the equations (6) are linear in the atomic variables RS), they are isomorphic to the set of
': equations of motion for the matrix elements of the density operator §. We shall treat the Eqs. (6) from

this point as c-number equations. Further, we assume that all the atoms have identical energy level struc-

ture and also, we drop the atomic labels j, so it is takea implicitly that the atomic and field variables

depend uron the special coordinates as well as the time. .
i) It is convenient to iatroduce a new set of variables in terms of the old cnes. We let N
-, =
:;: Vo * Ry, - Ry, , k>t , (7a) .
-~ 1 .
- Rk‘si(uu’ivu) , k>t , ) :

vhere Uu, Vu, and Uu are real variables, and Uu = l!", Vu = Vlk’
':7 Q=X+ iY , (7¢)

g up =X, 1Y, (7d) -
4 vhere X. Y, X and Y are real variables. e
- The resulting equations of motion for the real variables {Hu, Uu, Vu} are !'!
X X 1 (8) - e
R) 2 - - - - .
3 Wyp ® g X UgpWapb # (X Uy - T Vs - vy [Wy o371 (8a) i
-‘ -‘.
N W, = (XU -YV.}++{xu, -Yv.}- (v -w(e)] (8b) o
2 32 32 32 T2 WU 7 %oVt T Y™tz

g
= 5. 2 - . 1 . - i
. Usp = = 8V3p = Wiyy + 3 [XgUpy = YoVl - % Ugy (8c)
¢ -

(] Ry
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Vyp * OUgp ¢ Wyy = 3 (XVay * Y U] = 1y Vg

Oy, = avyy ¢ 3 (W, + W] =X ¥y - Yy Uy (2
AR B TR B N A A (81)
Uy, = 6V, - 3 [y, - Wy ] - 3 XUy - Y V] - vUy (8s)
AEE NI N MRS MRS B CAFEE AN R A (8b)

In obtaining Eqs. (8), we have made use of the invarient, tr y = I,

() (6))] ()
LaRy’ + By + Ry . 9)
It is noted that I = 0 is satisfied identically in (6a)-(6c) for Y11 * 0. For  I%Y # 0, the condition (9)
together with (6a)-(6c) conmstitutes the statement of conservation of atomic density, i.e., particle number.

The Eqs. (8) are coupled to Maxwell's equatioas through the polarizations associated with each transi-
tion field. It is easily determined that the Maxwell's equations in dimensionless form in the slowly-
varying envelope approximation and in the retarded time frame can be written in the following form

1,2, X 3 Y = -
1 g2 -X 3 Y., . -
L 0 { ¢l 55: {gl=d{ vgg } . (10b)

In the above equations, we have assumed cylindrical symmetry, thus the transverse Laplacian which accouats
for diffraction coupling is:

1 3 )
val (o % )

P P ¥ 1)

The first term on the left-hand side in (10a,b) accounts for transverse communication effects across
the besam with normalized radial coordinate p = r/rp where r is the radial distance and r_is a character-

istic spatial width. Ia (10), np. =2 aesf where cesf is the on-axis effective gain,
s s

2

w M

W [ B
a ¢ = ] 31 {tp } 12)
e;' aflc T

vhere { :p} are characteristic times for the system, N is the atomic number density (assumed longitudinally
s .

homogeneous) aad n is the index of refraction (assumed identical for esch transition wavelength). The
quantity

4= Yo (13)
"o

governs the relative radial populstion density distribution for active atoms and is taken as either Gaussian
with full width rp or uniform, in which case 'p corresponds to p.'x = 1. The Gaussian distribution would be

associated with an atomic or molecular beam with propagation along the beam axis For the cases treated
bere, it was found that there is no significant difference in the results for a uniform density distribution
vith injection pulse of initial radial width at half maximum, L) and a Gaussian radial density variation

with £, = r’. For the latter case, the effective gain Begs is appropriately adjusted such that both the
radially integrated gain and the total effective gain, 'effL' remain invariant between the two cases, vwhere

L is the leagth of the medium in the direction of propagstioa. In obtaining (10-13), we bave extended
Mattar et. al (14) Theoretical analysis for two-level SF. Equations (10) are writtenm in the retarded time,
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t, frame where T = t-nz/c. From this point om, * in Eqs. (8) is taken to be * = 3/3t. Finally, the first
factors on the first terms in (10) are the reciprocals of the "gain length” Fresnel numbers defined by

O 2NN

2 =T
ne
B F,or —% (14 -®
b s hp' 'e;f
A s
oK where e
v - a T
N e‘f -
-;. . s - .-
o Segs ¥ "1 . (15) .
Pg s
'.. "““
‘:,' It is seen from (10) that for sufficiently large Fresnel nuamber, F, the corrections due to traasverse ef- e
e fects become negligible. Note that F corresponds to a gain to less ratio. The "gain length” Fresnel aum- _.::_
j bers F are related to the usual Fresnel numbers J= ur:/M.. vhere L is the length of the medium by \
- F/T = Seff L. (16) -
A i.e., the total gains of the medium. In the computation, diffraction is also explicity takem into account S
AR by the boundary conditioa that p = Paax corresponds to completely absorbing walls. -.::
; e
N The initial conditions are chosen to establish a small, but nonzero traasverse polarization for the A
A 3 «> 2 transition with almost the entire population in the ground state. This requires the specification of o
:j : tvo small parameters, ¢ ~ m"‘, for the ground state initial population deficit, aand & ~ 10-4 for the tip- ;
: ping single for the initial transverse polarization for the 3 ¢+ 2 transition. The derivation for the s
initial values for the various matrix elements is presented elsewhere [12], and the results are as follows: >
] : '_'\.:
:, "31 22¢-1 . . (173) :;.:.
“ . Wy, = e (17b) o4
‘* Uy, = 0 (17¢) i~
, v32 = el (17d) __.
': Uy, = = sia Qp (17e) L
R
. V..’1 = m cos Qp (17£)
4
:4 UZI sz -2 v3l (17g)
. Va*2lYy (17h) :
I‘ - ’ ‘..‘ -
Al vhere m = cos ! (2e-1) and the phase Qp is arbitrary, and we have chosen the phase 0’ to be zero. o
\ O
. Numerical Results )
) Calculational methods applied to this model and discussed elswehere{13,15] were used to compute the
effects on SF pulse evolution for various conditions for the injection signal, thus demoastrating control of
the SF signal by control of the input signal. Some examples follow. ’
. In Figure 2 is shown the transverse integrated SF pulse jatensity vs. retarded time t (cucve 2) to-
~ gether with the transverse integrated pump pulse intensity vs. Y (curve 1) for a gain and propagation depth
N chosen so that the pulses temporally overlap. Under these conditions the two pulses strongly interact with
N each other via the conlinear medium, and the two-photon process (resonant coherent Raman - RCR) which trans-
: fers population directly between levels 2 and 1, makes strong contributions to the mutual pulse develop-
- meat[4]. The importance of the RCR in SF dynamical evolution ia an optically-pumped three-level system was
pointed out for the first time in reference 4. Indeed, in the extreme case, the SF pulse evolution demon-
- . strated here has greater nonlinearity than SF in a two-level system which has been prepared initially by an
v mmpulse excitation. Wwhat is remarkable is that this is ao example where the SF pulse temporal width T is
j wuch less than the pump width tp' i.e., the SF process gets started late terminates early with respect to
". the pump time duration. Pulses of this type have been observed(16] in €O, -pumped CH,F.
o Figure 3 is a comparizon of the radially integrated SF pulses at equal propagstion depth for three
g erent values for the input pulse radial shape parameter v, where the imitial coadition for the puap
& dife lues for th 1 dial b 1
:f transition field amplitude xo(p) is xo(p) = XO(O) exp [-(r/rp)v]. Siance all other parameters are identical
‘
A 335
(]
"
-

1

> ‘f";‘f ‘-f.! ‘-',;v';-' -s'\;".'-:q;‘-'." -;"\;‘:-_' \':\'-*.";'.'. :




‘ .O"”. l“ ¢

O g
felata’a’n

2l X »

o~
.
S

PERPILPLS 2 Ratie

L 99

LA

R R DUV Jusy S e

.

Pt -
bl

O Stk
PO RN

raeCrd
LR

L

» .
)

[ 4

‘the pusp pulse uander conditions where the two pulses completely temporally overlap after suitable propaga-

for the three curves, this shows that the peak intensity increases with increasing v wheceas the temporal
width and delay time decreases. Also, it is clear that the SF pulse shape varies with v. In coanection
with each of the SF curves shown, there is less than ten perceat overlap with the injected pulse. These
results thus demonstrate the control of the SF shape, delay time, peak intensity and temporal width by
control of the injection pulse radial shape. In Figure 4, we coatrast for differeat v (as in Fig. 3) iso-
metric of the pump and superfluoresance outputs to display the importance of spatial profile (v=1,2,3:
exponential, Gaussian and hyper-Gaussian).

The effect on the SF pulse of variation of the input pulse temporal shape parameter 0, is shown in
Figure S which compares SF pulses at the same penetration depth as given in Figure 3, for two different

values of g. Here Xo(p) = Xo(O) exp [=( %—)0]. It is seen that the variation from a Gaussian, 0 = 2, to a

P
super-Gaussian, ¢ = 4, temporal input pump pulse shape causes almost a factor of two increase in the peak SF
intensity with a significant reduction in temporal width and no discernible shift in the time delay. This
situation is in marked contrast with that shown in Figure 3 for the effect of pusp radial shape variation.
As in the previous case, there is less than ten percent overlap between the SF pulses and the pump pulse.

Figure 6 shows the SF pulses at equal penetration for various values for the initial temporal width tp

of the injected Gaussian n-pulses. All other parameters for the pulse propagation are equal. Again, there
is less than ten percent overlap between the SF pulses shown and the pump pulse. Thus, reducing the initial
temporal width of the injection pulse causes a shift of the SF delay time and temporal width to higher
values, and a decrease in the SF peak intensity.

Figures 7 and 8 illustrates the Fresnel depeadence of the SF buildings. Figure 7 represents the radi-
ally integrated output SF energy while Figure 8 displays isometrically, versus t and p, the SF energy. As
the initial spatial width of the injected Gaussian pump increases rp, the associated Fresnel number de~

creases, the delay strengthens, the SF peak intensity reduces and the SF pulse gets more symmetrical.

The effect on the SF pulse of the on-axis area of the Gaussian pump pulse is shown in Figure 9 for the
same penetration depth as for Figure 3. It is seen here that the effect of incresasing the initial on-axis
area of the pump pulse is to decrease the SF pulse temporal width and delay time and to increase the inten-
sity. As before, the overlap in this case between the SF and pump pulses is less than ten percent.

FE S
ey
e e Wl

L

Figure 10 illustrates the dependence of SF output on the shape (form) of the input pump pulse whether
it is full Gaussian pump, half-front Gaussian or reflected-half Gaussiaa. The shorter delay and the
stronger SF output are associated with the full Gaussian followed by the reflected-half Gaussian pump and
the (rising) front half Gaussian pump respectively.

PaTa e

]

In Fig. 11, the effect of varying N, the atomic density, on the SF build-up is shown. Note that N .
then in F

eaters in the definition of aesf . The more dense N becomes, (the larger is the effective gain), }:
s
s

the more intense is the SF build-up and the shorter becomes the relative delay.
the SF and the pump pulses increases with N.
effects increases significantly.

Thus, the overlap between
Furthermore, the nonlinear coantribution of the two-photon

Conclusion .i;

BAY

We have shown here eight ways of shaping the SF pulse by controlling corresponding properties of the A
injection pulse in coherent optical pumping on a three-level system, where propagation, transverse effects ';:

and diffraction are precisely takem into account. We have demonstrated also, in Figure 1, the highly non-
linear effect of generation of an SF pulse of such narrower temporal width and larger peak Rabi rate than

tion and pulse reshaping. An additional significaant nonlinear to the SF emission in this case is due to the
competing two-photon process with the direct process{4]. We have thus demonstrated by numerical simulation,
the nonlinear control of light at one frequency with light of another frequency.

By changing the material characteristics such is the dipole moment of species om, the associated transi-

tion frequency, one finds that the SF pump dynamics are modified [12]. The effect of increasing them is
similar to the effects associated with augmenting N.
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FIGURE CAPTIONS

Figure 1. Model three-level atomic system and electromagnetic field tunings under coasideration. For

the results reported here, the injected pulse is tuned to the 1 +> 3 transition.

Figure 2. Radially integrated intensity profiles for the SF and injected pulse at Z = 5.3 cm penetra-

tion depth. The injected pulse is initially Gaussiaa in r and t with widths £, = 0.24 cm and
tp 4 nsesi respectively, :Td initial on-axis area 8 = n. Further, (53-51)/(53-52) = 126.6;
'p =17 cm 8, = 641.7 em Fp = 8400; Fs = 2505; Tl = 80 nsec; T2 = 70 nsec, where Tl and
72 are taken to be the same for each transition.

Figure 3. Radially integrated intensity profiles of SF pulses at a propagation depth Z = 5.3 cm for

three differeat values for the input radial shape parameter v. The injected pulse i3 ini-
tially Gaussian in t, and has radial and temporal widths as for Figure 2 with initial on-axis
area 0 = 2n. In this case, g, = 16.2 ! g, =758.3 @’; F_ = 2960; F, = 7017, vith all
other parameters the ;aue as for Figure 2. Here, curve 1, v = 2; curve 2, v = 3; curve 3,
v 34, (see text).

Figure 4. Isometric SF inteasity (Tt versus p) at a propagation depth Z = 5.3 cm for three different

values for use input radial shape parameter v. This figure complements Figure 3.

Figure 5. Radially integrated intensity profiles of SF pulses at a propagation dept Z = 5.3 cm for two

different values for the input pulse temporal shape parameter 0. The injected pulse is
initially Gaussian in r, and has radial and temporal widths as for Figure 2 with initial
on-axis area & = In. In this case, 8 = 641.7 cm-l; Fs = 2505 and all other parameters are

the same as for Figure 3. Here curve 1, 0 = 2; curve 2, 0 = &4 (see text).

Figurce 6. Radially iategrated intensity profiles of SF pulses for five different values for the tempo-

ral width, t_ of the injected signal: curve 1, tp = 4 nsec; curve 2, tp = 3.3 nsec; curve 3,

tp = 2.9 nsec; curve 4, tp = 2.5 nsec; curve 5, tP = 2.2 asec.

Figure 7. Radially integrated intensity profile of SF pulses at a propagation depth Z = 5.3 cm for five

different values of the spazial width r_ of the injected pump (thus of the associated Fresnel

oumber): curve 1, F= 0.69; curve 2, T= 0.40;curve 3, T =0.26; curve &4, 7 = 0.17 and
curve 5, = 0.10.
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Figure 8.

Figure 9.

Figure 10.

Figure 11.

Contrast of SF (top line) and Pump (bottoa line) Energy isometric versus t and p at a propa-

gation depth Z = 5.3 cm for different values of the Pump Fresnel number (associated with the

initial spatial width of the injected signal): curve 1, F = 4.0; cuwve 2, JF= 2.26;

c#yrve 3, & =1 .0; curve 4, T2 0.69; curve S, = 0.40; curve 6, TF= 0.27 and curve 7,
= 0.10.

Radially integrated intensity profiles of SF pulses for three different values for the ini-
tial on-axis injection pulse area Op; curve 1, Gp = R; curve 2, GP = 2x; curve 3, 8 = In.

All other parameters are the same as for Figure 2, except for g’=291.7 cn.l
F. = 1138.7.

and

Radially integrated intensity profile of SF pulses for three differeat form of the injected
pump: curve 1, front half Gaussian form; curve 2, full Gaussian and curve 3, reflected half
Gaussian.

Radially iutegrated intensity profile of SF pulses for three different atomic density N.
From curve a to curve d, the density ratios are: b/a = 1.4, c/a = 1.8, d/a = 2,2,
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A PRODUCTION SYSTEM rOR THE MANAGEMENT OF A
RESULTS FUNCTIONS BANK AND A SPECIAL APPLICATION:
THE LASZR PROJECT

M. Cormier, Y. Claude, P. Cadieux
Dept. d'Informatique et Recherche operationnelle
Universita de Montreal, Montreal, Canada

&

F.P. MATTAR*
Dept. of Mechanical and Aeraespace Engineering
Polytechnic Institute of New York, Brooklyn, New York 11201, U.S.A.
and
Spectroscopy Laboratory
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Cambridge, Mass. 02139, U.S.A.

ABSTRACT

This document presents the system developed to support the numerical laser
modeling project at the Universite de Montreal in conjunction with: the Polytechnic
Institute of New York. This tool represents a mechanism for practical parametric
sinulation studies of real-life experiments in quantum Electronics. The goal of
this system is to offer a reliable, adaptable and easy toocl to the production and
study of laser simulations, a study mainly done through drawings and comparisons
of functions. Organized around SIMRES and DATSIM type files, this system en-
compasses software packages which control file access, application programs and
the very laser programs. The SIMRES files are self-descriptive and can store
in the same direct access £ile all the information relative to a simulation.

The SIMRES package is used to generate a SIMRES file while the XTRACT package
perxzits the reading of the information stored cn a SIMRES file. The DATSIM files
regroup on one file, permanently located on disk, a summary of the SIMRES files
(because of their size these musz be filed away on a magnetic type). The DATSIM
psckage permits the reading and the writing procedures of the DATSIM files. This
document also presents three of the principal application programs: the DEFPARM
program which helps the user to construct parameter games for the simulation pro-~
grams, the DESRES program which plots the simulaticn results, and the SYNTH
program which makes the comparisons. Finally, the document presents the different
laser programs.

* Jointly supported by F.P.Mat:zar, the U.S. Army Research Office, the U.S. Office
of Naval Researzch, the U.S. Sciance Foundation Research Corporation, Battalle
Colombus Lab. and the Canadian Defanse Research Zsctablishment at Valcartier.
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SO I - INTRODUCTION

- The laser zumerical modeling project began over three vears ago at the Universi:zy of
e Montreal. A first producsion systam, which nermitted generation of laser simulations and

g o graphic rspresentation of the results was then set up.

. This %first system was based on a fixed structure of the -esult files, and the programs
- usiag this strTucturs were conseauently not very flexible.

~ Eventually, new needs aopeared (catalogs and comnarisons) and their iaplementation
S5 nade the system more complex and less efficient as these new possibilities could not always
" be adequately integrated. Finally, new models were introduced to the system for which the
ke f£ixed format was not adequate.

A A second system, more flexible and more powerful, was undsrtaken in May 1981. The
fr;{ object of this document is to present this new system. It consists, on the aone hand, of
L 2 nucleus, made of general nackages, which nermits the creation and manioulation of result
] €iles consisting of functions of arbitrary dimensionality; and on the other, of 2 set of
;};' Jrograms adapted to precise tasks (granhic renrensentation of the resulcs, comparisons).
s

The order o0f the sactions goes from the Zeneral to the darticular.

Section two praseats the objectives which oriented the design and inplemenzacion of

;{; she system.

Po .
A Section three gives 1 comprehensive view of the system.
e
;;% - Section Zaur presents the different vackages forming the nucleus.

iy Seczion five presents the programs which generate the various producss (drawings,

" catalogs) of the laser modeling project.
ANK The conclusion returns to the objectives npresented in section two and discusses to whas
.:3 extent they have beesn attained.
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IT - OBJSCTIVES

The design of che different packages composiig the production system for she laser
numerical modeling project has Seen eladorated from the following goals:

- 20dularicy
- flexibilicy
- reliabilicy .
- eofficiency .
- transportabilicy -
- adequate documentation -
2.1 MODULARITY A
Modularity iaplies that a job is divided iato tasks and that execution of a given task éi
is confined within & set of routines.
By proceeding, such & task is isolated from the rest of the program. The use of f
?nekalos is modular since chey are indenendent from the prograas and can therefore be used
. ia various ways in various prograas.
2,2 PFLEXIIILITY
Plexibility i3 the qualizy of a software which not only aaswers s precise need dSut S
also adapts ta a range of sinmilar probleams. . .-
!
Sofsware praducts musz therefore be given a maximum of generality and flexibility ia N
view of currant and future needs. Ideally, 3 software should handle the general cass. N
Sut in reslity, it is often neither possible nor desirable; and restricticns are N
necessary.
In such cases, flaxibilicy is then measured Yy the facility with which the software .
¢3n be mnodified ia order o bvrass its limitstions or restrict their impass. .
2.5 RELIABILITY g
Reliability cambines twa 2aj0T aspects. _3
The #irsc aspect is that 2 software must give the cantrol bHack i3 the operating system
only tf ic wishes So do 30, is means that a software must preven: conditions (such as -
aemory overflow) whers the cmerating svstem would otherwise Zorce it to stop. "
“he second aspect is zhat vhen 2 routine or a 3ragram does r2turn results, these mus: -
be correct; othervise 10 results are jroducsd and aa ervor message is relurned. -
2.4 EFRICIENCY ;'
Whea designing 3 software, ke linized and often castly resourcss given by an operating "
syscem, ofcen shared by aany users, nust be taken into account. . '
Techniques whizh aiaimize factors such as computation time, memory requirements iand K

disz azcess arTe thus essential. Moreover, reduced use of the resources aiy have a jositive
i:p:et on the turnavound time, and then again, these optinisations will directly benefic
tXke user. : :

2.5 TRANSPCRTABILITY

I i9 9%ten difficult to produce perfsctly transporzable software »Toducts. Neverthe- .
less, techniques can bde used to ixcreise software tTansportapility. Thus, machine jependent .
and insctallation dependent features musc be banned. In some cases, it is impossibie I3 do o
30 (such as in /0 rouctines) and critical actions must Ye isolated in routines which =an N

easily be 20dified 20 adapt 20 other envirenmencs.

2.5 ADBQUATE COCUMENTATION
Three types o2 dacumentition are necassary 9 Jascride a1 given swstem adequasaly:
Commenss wizhia tkhe sourcs cade ire necessary o maintain and aodify the sofswvare.
A separate tecinical aanual conplements the intsrnal documentazien wizh a Righer lavel

description giving the overall design philoscphy dnd indicating the global ssrusture and
incerdependenciss Setween the varicus 7Jrscedures Ir Jrograms.

D

Finally, 3 user's zuide is nesded o indicate claarly hew the scfewvare 1s =3 Se usec,

g

-
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IIZ - A COMPREMENSIVE VIEW OF THE SYSTIM

The system supvortiag the laser modeling project has been developped on a pair of CIC
CY3ER 173 computers at the Cantre de Calcul of the Université de Montréal. [t consists of
programs and packages written in FORTRAN [V. The three major tasks acsomplished by the
systsm are:

- ‘generation of simulation results,
- drawings of the results af an individual simulation,
- comparisons of rssulls between sinulacions.

3.1 GENERATION OF RSSULTS

The study of lasers is done with programs siaulatiang the spacial and temporal evolution
of a laser impulse, in conformity with a given numerical model. Initially, there was oniy
one program which was using a single laser cylindrical model. Eveatually, with developments
in the physics theory, the initial model was improved (it now takes into account Doopler
effecss, oscillacory phaenomens, ...) and new models were developped (l-laser model, Cartesian
30del). Thers are now nany laser simulation vrograms, esach being the startiag point of a
data-base of results associated with the nodel.

Each simulation is controlled by a set of varametars defining the material and the field
through which the laser impulse propagates. These parameters are given %o the laser programs
as FORTRAN NAMELISTs. For each model, siaulazions are identified through 2 unique nuamber.
This number is-inciuded in the NAMELISTs as a special parameter. The results of a simulation
are written on SIMRES type files (SiMulation RESults). EBach file is identified through a root
20 which a suffix is added; the root corresponds to the identifier of the program which pro-
duced the simulation, and the suffix is the simulation number. .

SIMRES files contain general information (name of the orizinating program, version nuaber
af the program, creation date of the £ile, ...), the list of the simulation parameters, and
the results of the sinulacion. The way results of a simulation are handled can be summarized
in the following manner:

- The programs evaluate functicns of varyving cimensionality and the parameters of the
sizulation dstermine at what points these functions nust be evaluatsd.

- Yalues of the functions are kept in SIMRES files for a Ziven sample of evaluation poiacs.

AsS can e seen, all the information relative to a2 simulation is kept on a single eaci:cy,
i.e. the SIMRES file. In this basic scheme (NAMELISTs, simulation programs, SIMRES files),
DATSIM type files and the program DEFPARM were added. The program DEFPARM (DEFinition PARa-
Metsrs) is used to assist the user in writing NAMELISTs. It is an ianteractive program which
allows the user to describe a simulation of a2 family of siaulacions by using a compact svatax,
aad ia recurn praoduces the corresponding NAMELISTs. Alcthough this program may not be esssencial,
its advantage is to relieve the user of the chore of writing often repetitive NAMELISTs.

It also avoids trivial ervors such as syntax errors in NAMELISTs and errors ia parameter
lames. .

“he emergence of DATSIM files is linked to a context of intense preduction. Moreover, o
Ye efficient at a production level, it is necessary that any information concerniag aay given
produced simulation be available. SIMRES files being too large and too numerous o be all kept
on disk, a mechanism has bdeen laid to transfer dataz Hetween disk and tape. This archival sys-
tsn is essentiai, but it considerably slows the access %o information. To be efficient, we
must :h;n compromise and xeep on disk some high priority informations concarning sll produced
siaulactions.

The informations ars gathered in a daca bdase consisting of DATSIM cype files (DAT2 STMul-
ation). DATSIM files contain, for every simulation producsd by the orogram:

- general informations, identical to those oa 3IMRES files,
-~ values of the simulation paraneters,
- evalusztion poiats and values of the functions used in comparisons.

The program MAJDITS (Mise-A-Jour-updats, DaTSim) reads useful informstions ona a SIMRES fils
and writes them on the SIMRES file. It is notewortiy that the informaction contained in the
JATSIM £ile {s used 2y the prograa JEFPARM o get the tumbers to be assigned =0 new siaulations.

e Thz gonfigura:ion of the system, as regards to the preduction of simulations is given ac
igure 3.1.

The suffixes ICFS, ICFS, 128, 1245 vefer 5 the diiferent laser acdels (these will be
explained in Seczion 3).
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- 3.3 COMPARISONS OF RESULTS 3ETWEZN STMULATIONS

cke comparison. In this last case, pavz of the search procedure needed Zcr the definition "

of the comparison is done by the SYNTH program. '
Afzer validating and aczspting the vecuest, the SYNTH pragram oroduces the necessary !g

headings identifying the comparison /by isolating the fixed pacametsTs from the variadle ones)
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Cansider model 1CTS (l-laser Crlindric Frequeacy Statistizs nodel). The pragraa DEFPARM
takes the speciificazions Srom the user, validates chem and writes on the Iile 3XICAS (Siaul-
ations to be sXecuted) :=he data nesded to produce the simulations rsquested. Then, the prograam
LRICFS (LaseR) reads the 2ppropriate cate on the Sile SXICFS, Zenerates the simulation and
produces a SIMRES file wnose identifier is LRIC?S (no) ((no): siaulation nunber).

Finallv, the file LRICFS (no) gives the program MAJDTS the :information needed to regiscer
tke sizulacion on the Sile DTICFS (DaTsim) which contaias a summacy of the simylations carried
out with 2he zadei iCFS.

3.2 DRAWINGS 0% A SIMULATICN

The study of the simulation results requires graphic support in order to visuali:ze the
srofiles of the sunctions evaluated by the simulation pragrams. The program DESRES (dessin-
drawving, simres) has been designed to offer sucha assistance. This program can be used either
in bdatchk or iaceractive mode.

Drawings zeeded are specified by using a syntax whose strucsture is simila> zo that of a
program and allows inner loopns on simulations, functions, selection criterii, etc. The user
can thus indicate in a short way what drawings he wishes t3 have.

The commands given by the user are aralysed by the program DESRES, which breaxs thea up
in single units, using the package XTRACT. The SIMRES files then give all the ianformation
needed to idenzify and producs the drawings. There are “our types of drawings availabls:

R
L‘A

- 2<dimensional represencation of a funczion,
- 3-dimensional representation of a function,
= l-dimensional projection of a 3-d reprasentation.

;30)3-3 projecsions and the level curves are performed by the program TRASURF (CACM
sept 3).

Figure 3.2 presents the porzian 9f the svstem which carries ogut the produczicn of
drawings.

The program SYNTH (SYNTHesis) has been designed to aliow compavisons of ressults between
siaulactions. A camparison is done by superpaesing on one drawing 2-dimensional representations
of eizher functicns coming £rom different sixulations or functions for which esch rpoint comes
Srom a differsnt simulation. The pragram SYNTH is a powerful zool; it can be used in both
iacteractive and batch node and its scape includes the three Zollowing applications:

- Comparison inside one simulacion.

-~ Comparisons between simulacions of 2 same model, bringing out the role of cer%ain
parametsrs i1 I or 2ere laser madels, and the role esch laser plays.

-« Comparisons bestween the difZsrent models %o demonszrize shei impact. The user speci-
fies the work to be done either by defining the sbjects to be compared and =he comparisen
criteria or by indicating where to search for the odjects to be campared and how to orzanise

then effezts the drawings corresponding to the Izmparison,

The running of a comparison requires all the information needed at the same zime on one

disk. Is is at shis level that the DATSIM ciles are useiul as thev give aczess T3 the jari- ‘.
neter list af 3l cthe siaulations alresdy nriduced and o ceriain functions often used ia :the B
comparisons. leverzheless, the daca on che JATSIM files ave not iiwavs sufiicient, che user 1
therefors must rever: to the archival procedures of the needed SIMRES files, [

This structure is presenced i figure 3.3.

« v e
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R IV - THE PACKAGES .
ﬁﬁi The Jackages are the lower level of the system. 3eside answering a particular applica-

iy cion, their role is to salve a problem in a general way. Each packige is made uo of several

5 procedures accomplishing a precise task. The psckages presented here are the following:

,;l:',;'." -~ SIMRES : generstion of the SIMRES files;

;¥j - XTRACT : operation of the SIMRES files;

R - DATSIM : generation and operation of the DATSIM files.

N}

- 4.1 THE SIMRES PACXAGE

k}*' The SIMRES package aims, on the one hand, to keep on one single file all the information " 3
: Y velative to a simulation and on the other, to provide self-descriptive files, or files that .
\g] carry the necessary information to describe their organization. y proceding this way, the .
A incegricy of the informacion is insursd (all data relating to one simulation is concentrated .
e in one £ile) and the system is given a greater Slexibility when faced with changes (the orga- .
it nizaction of the file varies, the key is in its description).
':j ' ; 4.1.1 DESIGN OF THE RBSULTS FILES
f‘{ﬁ : The different simulation models describe the evolution of a laser pulse in a space of n
B! dimensions. The value of n, the number of dimensions, depends on the model. To each dimen-

- sion corresponds an axis identified by a name and by units. The simulation programs results

I are functions defined on the reals:

o g = B .

354 where i = 1,2,...,¥ (M = aumber of functions)

"4 .

\:: 0 ¢d; <M (N 3 nuaber of dimensions of the simulation space).
37>

':=: For instance, in the 1CFS model involving a 4 dimension space defined by the STASTIC,

NS ETA, RHO and TAU axes, the O POWER function depends on the STATISTIC, ETA and TAU axes

3 (¥ = 3 and dg POWER = 3).

The functions assessed by the simulacion programs correspand to contiauous phenomena.
~J 3ut the fact of using a2 computer makes it important to make them discrete. Thus, the points
O at which a function has to be assessed i3 determined by associating them to a2 sampling grid.
o When only one sampling grid is used for all the functions, it can be said chat this grid

< coanstitutes zhe discrete space in which the simulacion evolves.
L)

It would be very costly to keep, for esch value of a function, the value of its points
of assessments. It is thus of prime importance to find a more comsact method to describe the

saapling grids.

N
\ﬂ\ The simplest sampling grid is the linear orthogonal grid which can be described by giviag
»,: : for each of the axes that aake up that grid, a starting point, an increment and the aumber of
:’H points on the axis. Figure 4.1 shows such a grid.

‘5’ However, the linear orchogonal grid offers lictle flexibility. Thus, in order o follow
more adequately the phenomenon under study, theres would be a need for a grid where the dis-
tance between the points, instead of being uniform, is smaller in cortain areas than in others.

ks - This will define a finer grid where the phenomenon is more interesting. Such a grid is said

A o be "zonlinear orthogonal” and can be described by keeping for each of the axis the ralue

A of the chosen point: see figure 3.2,

A

tN:' Yoreover, there may be 2 need for a grid even more adapted to the phenomenon under study,

‘}:2 for instance for a grid without the constraints of orthogonality. In this case, the coordi-

: nate of the grid associated to an axis depends on the value on that axis and possibly on the

— values on other axes. A grid in CRN can thus be-described by N sampling funccions fe1, fes,...,

fen fach of these funccions depending of an axis or an several axes for its assessment. What
is stored to describe the grid is then the values of che functions. Thus, in figure 4.3,
which illustrates a nonlinear orthegonal grid, the sampling grid fev, depending only on the ¥
axis, i3 cumplecely described by a2  points vector ind the funczion Je., depending on axes

x and 7, is described by a matrix of "x7 poiats.

This last zethaod is the mos: advantageous and thus, it i3 the 2ne most used here.
In facs. this method permits the Jescription of grids as Zeneral as possible while avoiding
the redundancy of the information at the level of che values of tle poiats on the axes. For
this method, the use of space is nraporzional 2o the "complexity” of the sampling functiens.
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The dsfinizion of 2 sampling grid often requires that the poiancs Ye sufficiently close
together and sufficiently numestous to assure the stapility of the aumerilal technigues used.
Thus, it is possidle o stare zore iaformacion than is reaquired to visuailize ths phenomena.
Evea more, it is possible that the resuits files nay a0t 3e kept on the same disk unic:
for iastance, the complete Cartesian laser model assurss four functions for mors thaa a
hillion points (T points far the STATISTIC axis x 300 for the ETA axis x 35 for the X axis
X 95 %or the Y axis x 53 for the TAU axis) which is far beyond the space capacity of a disk.

t is thus essential to reduce the volume of data to be put on file. This is done by
introducing a selection mechanism which chooses chose noints of a sampiiag function for
which the data is effectively being stored. This selection is dene by specilying the aumber
of the startiag point and an increment in rumber of points. This simple way of procseding,
together with an as precise a grid as is raquired gives enough flexibility to aake a2 perti-
nent choice of data for storage.

4.1.2 USAGE OF THE SIMRES PACKAGE

The procedurss of the SNRES package create the SIMTMP files (SIM for sizulation and
TMP for temporary) which will later be coaverted to SIMRES files. These procedures are:

- SIMDES : initialization of the package;

« SIMAXE : definition of the axes;

SIMECH : definition of the sampling functions;
- SIMECT : definizion of zhe functions;

SIMSEL : definition of the selectors;

- SIMVAL : writing of the values;

- SIMAVC : positioning of the selectors;

- SIMFIN : end of pracessiag.

igure 3.4 is a diagram showing the sequence of zhe package pracedure calls and the uses of
the special paramecers, that is: those wihich identify the axes, the sampling functions, the
results Sunctions and those which build the dependencies Setween the sampling fungtianms and
the axes, between :the results functions and the saapling functions. All this is explained
Jore fully in the 2ollcowing paragranhs.

The SIMDEB pracedure inicializes the writing process 3£ a SIMIMP file and records the
idencification and the main characteristics of the simulation, The parameters of the procs-
dure are the following:

- ULSIM : it nuaber of E/S associated to the SIMTMP file;

- ULPRNT: unit number of 2/S associated to the print file;

= IORI : name of the program creating the SIMIMP file;

- IVER : program version;

- MOSIM : simulation aumbper;

= NBAXZ : axss number;

- NBECH : number of the sampling functions;

- NBFCT : number of resul:zs Zunccions.

figure 1.5 shows an examnle af a program when 5 functions ia 3 2 diaension space is assessaed.
or <his example, tie call! carrvesvonding to SIMDE3 would e the follawing:

CALL SIMDEB (1,5, ‘'stvwL’, '1.9', 1, 2, 2, 3)

The 3IMAXZE procsadure is used o declare each of tie ixes defining the sinulacion space.
The order in which the axes are daclared determines the order in which the SIMVAL sracedurve
will receive the ralues of the Sunc:ions. The procedure ra2ceives in parametsr the Izillowing

information:

= IJAXZ : <he axis identifier;
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\f: - - NPTAXS: the nusber of noints of the axis; ) -
:: - UNITAX: the MXSA units used for tho'grtduation of the axis (mecers, seconds, ...); ;
. - EXPUNT: the exponent affecting the units, for iastance: if UNITAX 2 'seconds' and ’ >
;@( EX?UNT = -6, we have microseconds; 3
,i'-. = FACUNT: the multiplying £accor affscting the units. .-
:;C : The received information is recorded in the SIMIMP files. In exchange, the procedure ini- .
P tializes the NUMAXE parameter (number of the axis) which identifies the axis in the SIMRES _
= and DEPAXE (axis dependency) package which will mark the dependency of a sampling function

. with regards to an axis. [t is important to note here that the value given to the DEPAXE
o, ssrameter is in the power of two, thus the dependencies caa be combined by addition. For
oI example, the calls for SIMAXE will be the following:
o SIMAXE ('x’, 7, 'METERS', -2, 1.0, NUMAXX, JEPAXX)
S SIMAXE ('y', 8, 'METERS', -2, 1.0, NUMAXY, DEPAXY) -]

The SIMECH declares to the SIMRES package the sampling function. The procedurs : ..ses
in parameter:

\v . -
T - IDFECH : the ideatifier of the saapling function; -
%Z;«. < MRMAXE : the number of the axis tp which the functioa applies; K
f:fv - DEPAXS : dependency in tera of the axes of the sampling function, DEPAXS = :{:}DEPAXEk .
b . ze (i

: wvhere k corresponds to the axes of which depends the function and (i} is the
200 body of available dependencies for the axes.
-4 Iz exchange, the procedure initializes the NUMFEC parameter (number of the sampling function) .

o which identifies the sampling function when recording its values and the DEPFEC parameter ‘
otd (dependency of the sampling function) which will he used to mark the dependency of a results
E(A function as to a sampling cfuaction. iIn the example, the calls to SIMECH would be:

SIMECH ('XFC', NUMAXX, DEPAXX » DEPAXY, NUMFCX, DE?FCX)

’:‘é:j‘ SIMECH ('YFC', NUMAXY, DEPAXY, NUMFCY, DEPECY)
':i»f' The SIMFCT procsdure defines a rssults function (as opposed to a sampling function). The ?
o procedure receives in parameter the identifier of the function (IDFCT) and its dependency in Ky
LR tera of sampling functions (sum of the value type DEPFEC fedback by SIMECH). The NUMFCT pa- N
N . Trameter returns the number of the function: it is the number that must be used in the calls .

- £ SIMVAL to identify the values of a function. Thus, i